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ZUSAMMENFASSUNG	  
	  
Im	  Rahmen	  dieser	  Arbeit	  wurde	  die	  Verkehrsdatenerfassung	  in	  urbanen	  Gebieten	  und	  
auch	  im	  Nebenstraßennetz	  untersucht.	  Dabei	  war	  es	  wichtig,	  die	  Verkehrsbedingungen	  genau	  
zu	  ermitteln	  ohne	  dabei	  kostspielige	  Infrastruktur	  zu	  errichten.	  
Das	  Ziel	  dieses	  Projektes	   ist	   es,	  die	   vorgeschlagene	   Lösung,	  welche	  aus	  der	  Verwendung	  der	  
Bluetooth	   Technologie	   in	   mitschwimmenden	   Fahrzeugen	   besteht,	   zu	   präsentieren	   und	   zu	  
analysieren.	  Dabei	  sollte	  herausgefunden	  werden,	  welche	  Ausstattungsraten	  erforderlich	  sind	  
um	  eine	  Beschreibung	  des	  Verkehrszustandes	  durchzuführen.	  
	  
Im	   ersten	   Teil	   der	   Arbeit	   wurden	   die	   Grundlagen	   der	   verschiedenen	   Methoden	   der	  
Verkehrsdatenerfassung	  und	  die	  Beziehung	  zwischen	  den	  Verkehrskenngrößen	  vorgestellt.	  Es	  
wurden	  auch	  die	  Methoden	  des	  Floating	  Car	  Observer,	  einschließlich	  ihrer	  Herkunft	  sowie	  die	  
aktuelle	   Forschung	   und	   die	   Bluetooth-­‐Technologie	   dargestellt.	   Abschließend	   erfolgte	   eine	  
Beschreibung	  des	  neuen	  FCO-­‐BT-­‐Ansatzes.	  
	  
Um	   den	   Ansatz	   zu	   bewerten,	   wurden	   im	   zweiten	   Teil	   des	   Projektes	   Simulationen	   in	   einem	  
bestimmten	   Bereich	   des	   Kasseler	   Straßennetzes	   in	   Abhängigkeit	   von	   Ausstattungsraten	  
durchgeführt.	  Der	  Vergleich	  der	  Ergebnisse	  unterteilte	  sich	  in	  drei	  Teile.	  Im	  ersten	  Teil	  wurden	  
Routen	  und	  Fahrtverläufe	  aus	  den	  erfassten	  Punkten	  gezeichnet.	  Der	  zweite	  Teil	  präsentierte	  
die	  Methodik	  der	  Reisezeitenberechnung	  aus	  den	   zur	  Verfügung	  gestellten	  Daten.	  Weiterhin	  
erfolgte	  eine	  Analyse	  der	  Rechenfehler.	  Aufgrund	  der	   großen	  Datenmenge	  wurde	   im	  dritten	  
Teil	  eine	  Berechnung	  zur	  statistisch	  notwendigen	  Anzahl	  an	  Daten	  durchgeführt.	  Dabei	  stellte	  
sich	   heraus,	   dass	   45	  Minuten	   der	   simulierten	   Stunde	   ausreichen,	   um	   Rückschlüsse	   auf	   eine	  
Gesamtverkehrssituation	  ziehen	  zu	  können.	  Am	  Ende	  des	  Kapitels	  erfolgte	  eine	  Beschreibung	  
des	   Verkehrszustandes,	   welcher	   mit	   den	   Ergebnissen	   der	   jeweiligen	   Ausstattungsraten	  
bestimmt	  wurde.	  
	  
Zusammenfassend	  kann	  gesagt	  werden,	  dass	  die	  FCO-­‐BT-­‐Methode	  ein	  potentieller	  Ansatz	  zur	  
Verkehrsdatenerfassung	   und	   zur	   Verbesserung	   des	   Verkehrsmanagements	   ist.	   In	   der	  
vorliegenden	   Arbeit	   wurden	   Trajektorien	   dargestellt	   sowie	   eine	   Berechnung	   der	   Reisezeiten	  
vorgenommen.	   Bezüglich	   der	   Ausstattungsraten	   zeigten	   die	   Ergebnisse	   keine	   großen	  
Unterschiede.	   Aus	   diesem	   Grund	   wird	   für	   die	   weitere	   Forschung	   vorgeschlagen,	   auch	  
Ausstattungsraten	  unter	  20%	  zu	  bewerten.	  Interessant	  wäre	  hierbei	  besonders	  die	  Grenze,	  ab	  
welcher	   keine	  Auswertung	  des	  Verkehrszustandes	  mehr	   erfolgen	   kann.	  Die	  Arbeit	   endet	  mit	  
dem	  Aufzeigen	  einiger	  Perspektiven	  für	  weitere	  Untersuchung,	  damit	  der	  Einsatzbereich	  dieser	  
Methode	  noch	  weiter	  vergrößert	  werden	  kann.	  
	  
	  
Stichwort:	   Ausstattungsraten,	   Bluetooth-­‐Technologie,	   Floating	   Car	   Observer,	   Floating	   Car	  
Observer	   based	   on	   Bluetooth-­‐Technologie	   (FCO-­‐BT),	   Mitschwimmende	   Fahrzeuge,	  
Verkehrsdatenerfassung,	  Verkehrszustand.	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ABSTRACT	  
	  
This	  thesis	  is	  framed	  within	  the	  need	  of	  traffic	  data	  acquisition	  in	  urban	  areas	  and	  also	  
in	  the	  secondary	  road	  network	  in	  order	  to	  determine	  accurately	  the	  traffic	  conditions	  without	  
the	  installation	  of	  costly	  infrastructure.	  
The	   goal	   of	   this	   project	   is	   to	   introduce	   and	   analyse	   the	   feasibility	   of	   the	   proposed	   solution,	  
which	  consists	  in	  using	  Bluetooth	  technology	  in	  floating	  vehicles	  driving	  on	  the	  road	  network,	  
this	   approach	   is	   called	   Floating	   Car	   Observer	   based	   on	   Bluetooth	   technology	   (FCO-­‐BT).	   It	   is	  
intended	   to	   describe	   the	  methodology	   to	   follow	   in	   order	   to	   achieve	   the	   description	   of	   the	  
current	   traffic	   conditions,	   and	   the	   key	   parameter,	  which	   is	   the	   required	   level	   of	   equipment,	  
which	  means	  the	  amount	  of	  Floating	  vehicles	  driving	  on	  the	  road	  network.	  
	  
In	   the	   first	   part	   is	   introduced	   the	  basic	   knowledge	  of	   traffic	   data	   collection	   and	   its	   relations	  
with	   the	   main	   traffic	   variables.	   It	   is	   also	   explained	   the	   method	   of	   Floating	   Car	   Observer	  
including	   its	   origin	   and	   the	   current	   research,	   and	   also	   the	   basics	   of	   Bluetooth	   technology.	  
Finally,	  the	  proposed	  FCO-­‐BT	  method	  is	  presented.	  
	  
In	  order	  to	  evaluate	  the	  proposal,	  in	  the	  second	  part	  of	  this	  project	  are	  carried	  out	  simulations	  
in	  a	  certain	  area	  of	  Kassel’s	  road	  network	  in	  function	  of	  the	  level	  of	  FCO	  vehicles,	  also	  known	  
as	  penetration	  rate.	  The	  comparison	  of	  the	  results	  has	  been	  divided	  into	  three	  parts.	  The	  first	  
one	  deals	  with	  the	  possibility	  to	  trace	  the	  trajectories	  of	  the	  vehicles	  from	  the	  detected	  points.	  
In	   the	   second	   part	   is	   presented	   the	   methodology	   to	   calculate	   the	   travel	   times	   from	   the	  
provided	  data.	  Furthermore,	  it	  includes	  an	  analysis	  of	  miscalculations.	  Due	  to	  the	  large	  amount	  
of	  data,	   in	  the	  third	  part	   is	  performed	  a	  statistical	  calculation	  of	  the	  required	  subset	  of	  data.	  
The	   obtained	   results	   showed	   that	   is	   needed	   a	   time	   interval	   of	   45	  minutes	   of	   the	   simulated	  
time	   to	   draw	   conclusions	   of	   the	   overall	   traffic	   situation.	   The	   chapter	   is	   concluded	  with	   the	  
description	   of	   the	   traffic	   state,	   which	   can	   be	   determined	   with	   the	   results	   of	   each	   level	   of	  
equipment.	  	  
	  
In	   conclusion	   it	   can	   be	   said	   that	   FCO-­‐BT	   method	   is	   a	   potential	   approach	   of	   traffic	   data	  
collection	   to	   improve	   the	   traffic	  management.	   In	   this	   thesis	   has	   been	   traced	   trajectories	   as	  
well	  as	  calculated	  accurate	  travel	  times.	  Concerning	  the	  level	  of	  equipment,	  the	  results	  do	  not	  
show	  major	  differences.	  For	  this	  reason	  it	  is	  proposed	  for	  further	  researches	  to	  evaluate	  it	  for	  
rates	  under	  20%,	  to	  find	  the	  limit	  that	  provides	  right	  conclusions	  regarding	  the	  traffic	  state.	  
This	  thesis	  ends	  with	  some	  perspectives	  for	  further	  study	  to	  enlarge	  the	  range	  of	  application	  of	  
this	  method.	  
	  
	  
Keywords:	   Bluetooth	   technology,	   Floating	   car,	   Floating	   Car	   Observer,	   Floating	   Car	   Observer	  
based	  on	  Bluetooth	  technology,	  penetration	  rate,	  traffic	  data	  acquisition,	  traffic	  conditions.	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GLOSSARY	  
	  
BT:	  Bluetooth	  Technology	  
BT	  vehicle:	  Vehicle	  with	  activated	  Bluetooth	  device	  on	  board	  
FCD:	  Floating	  Car	  Data	  
FCO:	  Floating	  Car	  Observer	  
FCO-­‐BT:	  Floating	  Car	  Observer	  based	  on	  Bluetooth	  technology	  
FPD:	  Floating	  Phone	  Data	  
MAC	  Address:	  Media	  Access	  Control	  Address	  
OD:	  Origin-­‐Destination	  
xFCD:	  Extended	  Floating	  Car	  Data	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1	  INTRODUCTION	  
	  
	   Traffic	   management	   remains	   a	   particular	   challenge	   in	   cities	   and	   towns,	   where	   an	  
increase	   in	   the	   capacity	   of	   the	   road	  network	   is	   often	  not	  possible	  due	   to	   spatial	   limitations.	  
Therefore,	  the	  solution	   is	  to	  optimize	  the	  operation	  of	  the	  existing	  network,	  which	  request	  a	  
vast	  knowledge	  of	  the	  current	  traffic	  conditions.	  For	  this	  purpose,	  the	  main	  traffic	  variables	  by	  
means	  of	  data	  collection	  are	  required,	  specially	  the	  travel	  time	  as	  it	  is	  a	  fundamental	  indicator	  
of	  the	  traffic	  conditions,	  moreover	  the	  worthiest	  input	  for	  road	  users.	  
In	   contrast	   to	   high-­‐speed	   roads,	   where	   lots	   of	   stationary	   detectors	   are	   installed,	   in	  
subordinated	   roads,	   stationary	   data	   acquisition	   systems	   are	   rarely	   implemented.	   As	  
consequence,	   traffic	   information	   in	   these	  areas	   is	   scant.	  As	  a	  matter	  of	   fact,	   there	  are	  other	  
measurement	   procedures	   that	   are	   more	   appropriate	   than	   stationary	   detectors,	   such	   as	  
Floating	  Car	  Data,	  Floating	  Phone	  Data	  or	  Floating	  Car	  Observer,	  which	  are	  approaches	  based	  
on	  moving	  observation.	  	  
	  
In	   this	   thesis	   it	   is	  proposed	   to	  apply	  Bluetooth	   technology	   in	   the	  method	  of	   the	  Floating	  Car	  
Observer	   (FCO).	  This	  combination	  consists	   in	   floating	  cars,	  also	  called	  as	  FCO	  vehicles,	  which	  
are	  equipped	  with	  Bluetooth	  sensors	  to	  detect	  other	  vehicles	  while	  driving	  on	  the	  traffic	  flow.	  
FCO	  vehicles	  collect	  data	  of	  positions	  and	  times	  stamps	  of	  devices.	  Furthermore,	  it	  is	  possible	  
to	  send	  this	  data	  to	  traffic	  centres,	  where	  can	  be	  processed	  to	  travel	  times	  and	  traffic	  states,	  
among	  others.	  
The	  advantage	  of	  using	  this	  wireless	  technology	  is	  the	  large	  amount	  of	  traffic	  participants	  who	  
use	   devices	   with	   activated	   Bluetooth	   functionality.	   In	   addition,	   this	   technology	   allows	  
identifying	   and	   re-­‐identifying	   devices	   due	   to	   the	   unique	   identification	   code	   for	   each	   device.	  
This	  is	  an	  essential	  requirement	  to	  measure	  travel	  times,	  to	  describe	  trajectories	  of	  vehicles	  in	  
road	  networks	  and	  also	  to	  determine	  origin-­‐destination	  matrices.	  
	  
The	   use	   of	   this	   technology	   in	   addition	   to	   the	  method	   of	   traffic	   data	   collection	   FCO	   aims	   to	  
facilitate	  and	  speed	  up	   traffic	  management	   in	  urban	  areas.	  The	  acquired	   information	  can	  be	  
used	  for	  forecasting	  as	  well	  as	  operational	  management	  or	  transport	  planning.	  Moreover,	  this	  
solution	  presents	  a	  significant	  advantage,	  as	  it	  is	  not	  required	  a	  major	  economic	  investment	  in	  
infrastructure,	   unlike	   other	   methods.	   Then	   it	   enables	   to	   gain	   better	   equipment	   rates	   and,	  
therefore,	  to	  collect	  highly	  accurate	  traffic	  data.	  	  
However,	  there	  is	  still	  some	  research	  to	  be	  done	  in	  order	  to	  implement	  successfully	  this	  FCO-­‐
BT.	  An	  example	  is	  to	  determine	  the	  required	  amount	  of	  cars	  with	  Bluetooth	  detection	  systems	  
compared	   with	   the	   total	   amount	   of	   vehicles	   driving	   on	   the	   road	   network,	   known	   as	  
penetration	  rate.	  
	  
1.1	  GOALS	  
	  
The	  aim	  of	  this	  project	  is	  to	  analyse	  the	  feasibility	  of	  the	  FCO-­‐BT	  approach	  in	  a	  certain	  
location.	   On	   the	   one	   hand,	   it	   is	   expected	   to	   present	   the	   method	   with	   its	   potential	   and	   its	  
limitations,	   also	   to	   describe	   a	   procedure	   to	   follow	   from	   the	   collected	   data	   in	   order	   to	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determine	   precisely	   the	   traffic	   conditions,	   going	   through	   identification	   of	   trajectories	   and	  
calculation	  of	  travel	  times.	  
In	  addition,	  based	  on	  simulations,	  the	  necessary	  penetration	  rate	   is	  aim	  to	  be	  determined	  to	  
collect	  enough	  data	  for	  the	  generation	  of	  reliable	  traffic	  information.	  
	  
1.2	  METHODOLOGY	  
	  
This	  project	  distinguishes	  two	  different	  parts.	  
	  
In	   the	   first	   part	   are	   introduced	   basic	   notions	   of	   measurements	   procedures	   to	  
understand	   this	   project.	   In	   the	   first	   chapter	   are	   explained	   different	   systems	   of	   traffic	   data	  
collection	  as	  well	  as	  traffic	  variables,	  which	  are	  fundamental	  to	  describe	  the	  traffic	  flow.	  In	  the	  
second	  chapter	  is	  explained	  in	  detail	  the	  FCO	  method,	  and	  basics	  of	  Bluetooth	  technology	  and	  
how	  this	  can	  be	  applied	  in	  the	  FCO	  method	  are	  also	  included.	  
	  
In	  the	  second	  part	  of	  the	  thesis,	  is	  introduced	  the	  used	  simulation	  software	  PTV	  Vissim	  
and	   LISA+,	   the	   location	   where	   the	   study	   has	   been	   carried	   out,	   and	   also	   the	   process	   of	  
developing	   the	   simulation.	   Then,	   the	   results	   are	   presented	   and	   analysed	   considering	  
trajectories	  and	  travel	  times,	  the	  last	  step	  is	  to	  describe	  the	  traffic	  conditions.	  	  
Finally,	  conclusions	  responding	  to	  the	  set	  out	  goals	  are	  drawn	  and	  some	  further	  studies	  dealing	  
with	  the	  FCO-­‐BT	  are	  proposed.	  
	  
1.3	  SCOPE	  
	  
Even	   though	   the	   traffic	  analysis	  using	   the	  method	  of	  Floating	  Car	  Observer	  based	  on	  
Bluetooth	  is	  applicable	  in	  different	  urban	  locations,	  in	  this	  project	  is	  only	  validated	  for	  a	  small	  
area	  in	  the	  city	  of	  Kassel	  with	  certain	  characteristics:	  road	  geometry,	  traffic	  composition,	  speed	  
of	  vehicles,	  etc.	   	   In	  addition,	  a	  time	  interval	  of	  one	  hour	  is	  only	  considered,	  which	  is	  the	  rush	  
hour.	  
To	  know	  the	  differences	  between	  the	  collected	  data	  depending	  on	  the	  penetration	  rate,	  due	  to	  
the	  limitation	  of	  time	  only	  five	  different	  rates	  has	  been	  taken	  into	  account.	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2	  BASICS	  OF	  DATA	  COLLECTION	  	  	  
This	  chapter	  provides	  the	  reader	  with	  basic	  information	  of	  data	  collection	  methods	  in	  
order	   to	   better	   understanding	   of	   this	   thesis.	   There	   are	   described	   the	   most	   relevant	  
measurements	  procedures	  and	  also	  the	  main	  traffic	  variables.	  	  
	  
Measurement	  procedures	  allow	  determining	  traffic	  parameters	  and	  their	  relations	  by	  
the	  observation	  of	   individual	  vehicles.	  Due	  to	  the	   low	  significance	  that	  a	  single	  vehicle	  has	   in	  
the	  overall	  state,	  it	  is	  need	  to	  know	  the	  macroscopic	  variables.	  The	  main	  variables	  of	  interest	  in	  
the	  transit	  theory	  are:	  traffic	  flow	  (veh/time),	  speed	  (distance/time),	  travel	  time	  (time),	  density	  
(veh/distance),	  time	  gap	  or	  headway	  (veh/time)	  and	  distance	  between	  vehicles	  (distance/veh)	  
[5].	  
	  
The	  types	  of	  observation	  that	  are	  described	  in	  this	  thesis	  are:	  
	  
1. Local	  observation	  or	  at	  a	  point	  
2. Instantaneous	  observation	  or	  at	  a	  section	  
3. Moving	  observation	  
	  
2.1	  LOCAL	  OBSERVATION	  
	   	  
	   Local	   observation	   or	   measurement	   at	   a	   point	   was	   the	   first	   one	   and	   is	   the	   most	  
common	  of	  all	  observations	  procedures.	  In	  the	  beginning	  were	  used	  hand	  tallies	  or	  pneumatic	  
tubes.	  Due	  to	  technological	  changes	  over	  the	  years,	  nowadays	  are	  used	  detector	  points	  such	  as	  
inductive	  loop	  detector,	  radar,	  ultrasonics,	  photocells,	  etc.	  [5].	  	  
Becker	  [1]	  defines	  the	  cross-­‐sectional	  traffic	  data	  collection	  as	  “The	  detection	  of	  all	  the	  vehicles,	  
which	  pass	  through	  an	  observation	  line	  with	  x	  =	  f(t)	  =	  constant	  for	  all	  t	  ∈	  T”.	  In	  other	  words,	  in	  
these	  measurements	  the	  traffic	  flow	  is	  observed	  from	  a	  fixed	  point	  of	  the	  road	  network	  during	  
an	  interval	  of	  time	  and	  recording	  the	  time	  when	  a	  vehicles	  pass.	  	  
This	  interval	  of	  time	  is	  called	  integration	  period,	  and	  it	  can	  be	  freely	  selected	  depending	  on	  the	  
traffic	  type,	  usually	   is	  aggregated	   in	  different	  time	  periods	  with	  durations	  of	  1	  min,	  5	  min	  15	  
min	  or	  60	  min	  [11].	  	  
	  
By	  means	  of	  local	  observation	  is	  obtained	  the	  number	  of	  vehicles	  n,	  which	  passes	  through	  the	  
section	   during	   the	   selected	   time	   interval	   T.	   Being	   this	   method	   easily	   capable	   of	   providing	  
directly	  volume	  counts	  and,	  therefore,	  flow	  rates	  [5].	  
	  
The	  flow	  rate	  q,	  also	  called	  traffic	  intensity	  can	  be	  determined	  with	  the	  number	  of	  vehicles	  nl	  
during	  a	  specified	  period	  of	  time	  Δt:	  
	   𝑞 =    𝑛!∆𝑡         [𝑣𝑒ℎ/ℎ]	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It	  should	  be	  noted	  that	  traffic	  intensity	  is	  determined	  separately,	  distinguishing	  between	  cars	  
and	  trucks.	  The	  index	  l	  denotes	  that	  these	  measures	  are	  taken	  by	  local	  observation.	  
	  
The	  mean	  value	  of	  the	  headway,	  which	  is	  the	  mean	  of	  the	  time	  gap	  between	  vehicles,	  can	  be	  
obtained	  by	  the	  reciprocal	  value	  of	  the	  traffic	  flow	  q	  [4].	  
	   ℎ = 1𝑞 =   ∆𝑡𝑛!         [𝑠𝑒𝑐/𝑣𝑒ℎ]	  
	  
Another	  variable	  that	  can	  be	  achieved	  by	  this	  method	  is	  the	  mean	  of	  local	  speed	  v,	  besides	  the	  
traffic	  intensity	  q,	  is	  the	  most	  important	  recorded	  parameter	  of	  these	  measurements.	  	  
Local	   speeds	   can	   be	   determined	   by	   direct	   methods	   of	   speed	   measurements,	   for	   example:	  
inductive	   loop	  detector,	  video	  cameras	  or	  pneumatic	  tubes.	  But	  also	  by	  measuring	  the	  travel	  
time	  between	  two	  consecutively	  short	  sections,	  for	  example	  with	  radar	  or	  microwave	  detector,	  
such	  measurements	  are	  called	  quasi-­‐local	  [5].	  In	  this	  case	  the	  speed	  is:	  
	   𝑣! = Δ𝑥!∆𝑡       [𝑘𝑚/ℎ  𝑜𝑟  𝑚/𝑠𝑒𝑐]	  
	  
Where	  Δxi	  is	  the	  distance	  between	  detectors	  and	  Δt	  is	  the	  travel	  time.	  
In	  addition,	  the	  average	  local	  speed	  𝑣! 	  is	  calculated	  as	  the	  harmonic	  mean	  of	  n	  local	  speeds	  vi	  
in	  a	  time	  interval	  Δt.	  
	   𝑣! = 1𝑛 · 𝑣!!!!!! =   ∆𝑥𝑛 · 1∆𝑡
!
!!!       [𝑘𝑚/ℎ  𝑜𝑟  𝑚/𝑠𝑒𝑐]	  
	  
It	  should	  be	  noted	  that	  this	  speed	  is	  the	  average	  of	  speed	  recorded	  during	  a	  time	  interval.	  
	  
2.2	  INSTANTANEOUS	  OBSERVATION	  
	  
	   Becker	  [1]	  defines	  the	  instantaneous	  observations	  as	  “The	  detection	  of	  all	  the	  vehicles,	  
which	  pass	  through	  an	  observation	  line	  with	  tj	  =	  constant	  and	  tj	  ∈	  T”.	  Where	  tj	  is	  anytime	  in	  the	  
observation’s	   period	   T.	   In	   other	  words,	   a	   traffic	   stream	   is	   observed	   over	   a	   certain	   length	   of	  
road	  at	  an	  instant	  of	  time.	  
This	  method	  can	  be	  applied	  to	  moving	  vehicles	  as	  well	  as	  stopped.	  
	  
To	  carry	  on	  this	  procedure	  should	  be	  considered	  a	  long	  length,	  at	  least	  0,5	  km,	  and	  it	   is	  used	  
aerial	  photographs,	  video	  cameras	  mounted	  on	  tall	  buildings	  or	  poles	  [5].	  
However,	   instantaneous	   measurements	   are	   rarely	   practised	   and	   they	   are	   only	   used	   in	  
exceptional	  cases,	  in	  which	  the	  methodology	  is	  awkward	  and	  expensive	  [11].	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One	   of	   the	  main	   traffic	   parameters,	   which	   can	   be	   determined	   by	   this	  measurement,	   is	   the	  
traffic	  density	  k.	  This	  parameter	  reflects	  the	  number	  of	  vehicles	  nm	  that	  are	  located	  at	  a	  certain	  
route	  length	  in	  a	  certain	  time.	  Often	  is	  referred	  to	  one	  kilometre	  of	  road	  length	  [11].	  
	   𝑘 = 𝑛!∆𝑥         [𝑣𝑒ℎ/𝑘𝑚  𝑜𝑟  𝑣𝑒ℎ/𝑚]	  
	  
Traffic	  parameters	  resulting	  from	  instantaneous	  observations	  are	  denoted	  with	  the	  index	  m.	  
	  
The	  average	  value	  of	  the	  distance	  between	  vehicles	  can	  be	  found	  from	  the	  density	  value	  k.	  
	   𝜁 = 1𝑘         [𝑚]	  
	  
Concerning	  speeds,	  the	  measure	  of	  instantaneous	  speeds	  is	  in	  practice	  impossible	  [5].	  For	  that	  
reason,	  quasi-­‐instantaneous	  measurements	  are	  used,	  which	  consists	  on	  the	  observation	  of	  two	  
consecutive	  aerial	  images.	  The	  speed	  of	  an	  individual	  vehicle	  is:	  
	   𝑣! = ∆𝑥!∆𝑡       [𝑘𝑚/ℎ  𝑜𝑟  𝑚/𝑠𝑒𝑐]	  
	  
The	  interval	  of	  time	  Δt	  corresponds	  to	  the	  interval	  between	  the	  images	  and	  Δxi	  to	  the	  distance.	  
Then,	  the	  average	  instantaneous	  speed	  is:	  
	   𝑣! =   1𝑛 · 𝑣!!!!!! =    1𝑛 · ∆𝑡 · ∆𝑥
!
!!!       [𝑘𝑚/ℎ  𝑜𝑟  𝑚/𝑠𝑒𝑐]	  
	  
It	  should	  be	  noted	  the	  difference	  between	  the	  mean	  speed	  obtained	  by	  means	  of	  local	  
observation	  and	  instantaneous	  observation.	  The	  first	  one	  is	  the	  mean	  of	  speeds	  measurements	  
over	  the	  time,	  or	  what	  is	  the	  same,	  with	  the	  harmonic	  mean	  of	  speeds.	  While	  the	  average	  of	  
the	   instantaneous	   speed	   is	   calculated	  using	   the	  arithmetic	  mean,	   as	   this	   speed	   is	  defined	  as	  
the	  necessary	  time	  to	  cross	  a	  certain	  fixed	  distance	  [4].	  
Its	  relation	  is	  established	  by	  the	  variance	  of	  the	  speeds	  sample:	  
	   𝑣! =   𝑣! +   𝜎!!(𝑣)𝑣! 	  
	  
	  
Therefore,	   𝑣!   ≥   𝑣!	  
	  
These	  speeds	  are	  only	  the	  same,	  if	  all	  the	  vehicles	  have	  the	  same	  speed.	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2.3	  MOVING	  OBSERVATION	  
	  
The	   first	   approaches	   of	   mobile	   data	   collection	   arise	   from	   the	   problems	   of	   static	  
observations,	  which	  only	  allow	  observing	  small	  sections	  of	  the	  road	  network.	  As	  consequence,	  
to	  obtain	  the	  general	  traffic	  condition	  requires	  a	  high	  level	  of	  equipment	  as	  well	  as	  overcoming	  
the	   associated	  methodological	   difficulties.	   Therefore,	  moving	  observation	   is	   presented	   as	   an	  
option	   for	   the	  acquisition	  of	   traffic	  data	  without	   the	   limitation	  of	  obtaining	   information	  only	  
from	  the	  immediate	  environment	  of	  detectors.	  
This	  procedure	  consists	   in	  vehicles	  driving	  on	   the	   road	  network	  as	  probes	  and	  observing	   the	  
traffic	  stream	  in	  which	  they	  circulate.	  By	  means	  of	  moving	  observation	  the	  traffic	  volume	  and	  
the	  speed	  of	  the	  flow	  can	  be	  determined	  by	  using	  the	  number	  of	  active	  and	  passive	  overtaking.	  
It	   has	   to	   take	   into	   account	   the	   period	   and	   the	   distance	   of	   the	   measurement	   and	   the	  
requirement	  of	  a	  steady	  traffic	  flow	  [11].	  
	  
The	  following	  figure	  could	  help	  to	  the	  reader	  to	  understand	  this	  procedure.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  2.1:	  Moving	  Observer	  driving	  on	  the	  traffic	  flow	  
	  
The	  approaches	  of	  moving	  observation	  known	  as	  Floating	  Car	  Data	  and	  Extended	  Floating	  Car	  
Data	  are	  explained	  below.	  
	  
Floating	  Car	  Data	  
	  
	  The	  basic	   idea	  of	  Floating	  Car	  Data	   (FCD)	   is	   the	  use	  of	  vehicles	  as	  mobile	  sensors	   for	  
the	  current	  traffic	  situation.	  These	  vehicles	  drive	  on	  the	  traffic	  flow	  equipped	  with	  technology	  
systems	   to	   detect	   vehicles’	   positions	   and	   wirelessly	   transmit	   their	   positions	   regularly	   to	   a	  
processing	  system	  [15],	  where	  data	  is	  processed	  to	  traffic	  parameters	  such	  as	  travel	  times	  or	  
trajectories.	  
	  
Two	  approaches	  of	  moving	  observation	  can	  be	  distinguished:	  the	  passive	  and	  the	  active.	  The	  
first	   one	   consists	   in	   a	   simple	   floating	   car	   procedure,	   in	   which	   speeds	   and	   travel	   times	   are	  
recorded	   as	   function	   of	   times	   and	   locations	   along	   sections	   on	   the	   road.	   The	   average	   travel	  
time	  between	  two	  sections	  can	  be	  determined	  without	  requiring	  a	  high	  rate	  of	  equipment,	  but	  
it	  does	  not	  provide	  precise	  average	  speed	  data	  [5].	  
In	   the	   active	   approach,	   information	   about	   positions	   and	   speeds	   are	   obtained	   by	   means	   of	  
Global	  Positioning	  Systems	  (GPS),	  and	  can	  be	  supplemented	  by	  data	  from	  odometer	  sensor,	  as	  
acceleration,	  revolutions,	  etc.	  [12].	  
Floating	  car	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   The	   current	   challenge	   related	   to	   FCD	   is	   to	   find	   a	   vehicle	   fleet	   and	   the	   suitable	  
technology	   for	   obtaining	   sufficient	   information	   to	   describe	   accurately	   the	   traffic	   condition.	  
Another	   fact	   under	   consideration	   and	   not	   less	   important	   is	   its	   cost.	   For	   this	   reason,	   some	  
researches	  are	  carried	  out	  to	  find	  the	  best	  solution.	  
A	  proposal	  is	  to	  use	  private	  cars	  as	  FCO,	  offering	  an	  economical	  compensation	  to	  the	  owners.	  
Some	   problems	   could	   arise	   due	   to	   data	   protection	   but	   also	   it	   presents	   a	   high	   risk	   at	   the	  
enterprise	  level,	  as	  the	  success	  of	  this	  method	  is	  not	  guaranteed	  [15].	  
Another	  proposal	   is	   the	  use	  taxi	   fleets;	   they	  are	  already	  equipped	  with	  devices	  to	  determine	  
their	   positions	   and	   to	   transmit	   data.	   And	   its	   notable	   presence	   in	   urban	   areas	   is	   undeniable.	  
However,	   these	   fleets	  could	  provide	  discrepancies	  as	   in	   some	  cities	   there	  are	   lanes	   reserved	  
for	  such	  this	  kind	  of	  vehicles	  and,	  therefore,	  data	  collected	  in	  these	  cases	  would	  be	  erroneous.	  
It	  also	  plays	  an	   important	  role	  the	  knowledge	  of	  taxi	  drivers	  of	  the	  cities	  and	  their	  routes,	  as	  
consequence	   in	   situations	   of	   congestion	   they	   could	   choose	   better	   routes	   than	   private	   users	  
[12].	  
	  
Extended	  Floating	  Car	  Data	  
	   	  
	   This	   method	   (xFCD)	   is	   an	   extension	   of	   Floating	   Car	   Data	   developed	   from	   the	   FCD	  
approach	  by	  BMW	  Group.	  	  
In	  the	  xFCD	  approach	  the	  information	  is	  obtained	  and	  processed	  from	  the	  bus	  system	  and	  unit	  
control	   of	   vehicles.	   These	   provide	   data	   from	   the	   switches,	   which	   are	   either	   standard	   or	  
optional	   equipment	   on	   vehicles,	   such	   as	   antilock	   system	   (ABS),	   light	   system,	   rain	   sensor	   or	  
brakes,	  combined	  with	  the	  vehicle	  speed.	  	  
	  
Apart	  from	  the	  travel	  time	  like	  the	  FCD,	   it	  might	  be	  possible	  to	  obtain	   information	  about	  the	  
traffic	   state	   and	   the	   road	   condition.	   This	   method	   could	   prevent	   drivers	   from	   undesirable	  
situations	   or	   adverse	   weather	   conditions.	   Some	   examples	   of	   this	   information	   are:	   the	  
approaching	  to	  the	  start	  of	  a	  congested	  area,	  driving	  speed	  through	  congestions,	  heavy	  rain,	  
aquaplaning,	  sheet	  ice,	  poor	  visibility	  and	  fog	  [3],	  [12].	  
	  
In	  the	  following	  figure	  is	  illustrated	  a	  possible	  architecture	  of	  an	  xFCD	  system.	  
	  
	  
Figure	  2.2:	  xFCD	  system	  architecture	  [8]	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2.4	  SUMMARY	  OF	  MEASUREMENT	  PROCEDURES	  
	  
The	   table	  2.1	  contains	  a	   summary	  of	   the	  different	  methods	  of	   traffic	  data	  collection,	  
which	  were	  presented	  above.	  
	  
Measurement	  
procedure	  
Measure	  
equipment	  
Direct	  measures	  
Local	  observation	  
Loop	  inductive,	  
pneumatics	  
tubes	  and	  video	  
cameras	  
Number	  of	  vehicles	  nl	  
Traffic	  flow	  q	  
Average	  headway	  ℎ	  
Quasi-­‐local	  
observation	  
Radar	  and	  
microwave	  
detectors	  
The	  ones	  of	  local	  observation	  
Speed	  𝑣!!   𝑎𝑛𝑑  𝑣! 	  
Instantaneous	  
observation	  
Aerial	  
photograph	  
Number	  of	  vehicles	  nm	  
Density	  k	  
Average	  distance	  between	  vehicles	  𝜁	  
Quasi-­‐
instantaneous	  
observation	  
Sequence	  of	  
aerial	  
photographs	  
The	  ones	  of	  instantaneous	  observation	  
Speed	  𝑣!!  𝑎𝑛𝑑  𝑣!	  
Moving	  
observation	  
Floating	  car	  
Speed	  vi	  
Travel	  time	  
Trajectories	  
Localization	  
Traffic	  flow	  q	  
Table	  2.1:	  Traffic	  observation	  methods	  and	  characteristics	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3	  FLOATING	  CAR	  OBSERVER	  
	  
	  
In	   this	   chapter	   is	   presented	   another	   approach	   to	   moving	   observations,	   due	   to	   its	  
importance	  in	  this	  thesis	  is	  presented	  separately	  from	  the	  FCD	  and	  xFCD.	  
The	   first	   sections	   deal	   with	   the	   method	   of	   the	   Floating	   Car	   Observer,	   which	   include	   its	  
presentation,	  its	  origins	  and	  the	  state	  of	  the	  current	  research.	  In	  the	  second	  part	  is	  introduced	  
the	  Bluetooth	  technology	  and	  the	  proposed	  FCO	  based	  on	  Bluetooth	  is	  explained.	  
	  
3.1	  FCO	  METHOD	  
	  
The	   FCO	  method	   is	   based	  on	   the	   previous	   FCD	   and	   it	   consists	   in	   a	   vehicle	   equipped	  
with	   detection	   system	   driving	   on	   the	   traffic	   flow	   and	   observing,	   not	   only	   the	   flow	   in	  which	  
circulates,	   but	   also	   its	   surroundings:	   the	   oncoming	   traffic,	   pedestrians,	   passengers	   of	   public	  
transport	  and	  cyclists,	  thus	  some	  limitations	  of	  the	  FCD	  can	  be	  overcome	  [7].	  
	  
The	  following	  figure	  illustrates	  the	  concept	  of	  this	  method.	  
	  
Figure	  3.1:	  FCO	  Basic	  principle	  [12]	  
	  
The	   important	   of	   the	   oncoming	   traffic	   observation	   is	   due	   to	   the	   possibility	   to	   increase	   the	  
information	  content	  and	  the	  efficiency	  of	  traffic	  data	  collection.	  For	  example,	   in	  situations	  of	  
congestions,	  an	  FCD	  needs	  first	  to	  drive	  through	  it	  and	  then	  it	  is	  able	  to	  know	  its	  characteristics,	  
whereas	  an	  FCO	  can	  report	  the	  traffic	  jam	  length	  or	  even	  the	  reason	  of	  it.	  Moreover,	  standing	  
FCO	  vehicles	  themselves	  in	  traffic	  jams	  operates	  as	  quasi-­‐stationary	  detector	  and	  its	  data	  is	  still	  
profitable	  [12].	  
Another	  weak	  spot	  of	  FCD	  solved	  by	  FCO,	  is	  the	  need	  of	  a	  large	  number	  of	  equipped	  vehicles	  to	  
ensure	  statistical	  significance	  of	  the	  measured	  data,	  as	  one	  FCD	  only	  represents	  its	  own	  course	  
[20].	  	  
The	   following	   figure	   could	   help	   the	   reader	   to	   understand	   the	   differences	   between	   the	  
observations	  of	  the	  FCD	  and	  the	  FCO.	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Figure	  3.2:	  FCO	  and	  FCD	  trajectories	  in	  the	  path-­‐time	  graph	  [10]	  
	  
As	  can	  be	  seen	  in	  this	  figure,	  while	  the	  FCO	  trajectory	  crosses	  all	  the	  tracks	  of	  vehicles,	  which	  
are	  the	  ones	   in	  black,	  and	  collect	   information	  about	  all	  of	   them,	  the	  FCD	  does	  not	  meet	  any	  
vehicle	  in	  this	  case,	  so	  it	  is	  not	  able	  to	  collect	  data	  from	  anyone.	  
Therefore,	   the	  difference	  between	   the	  amount	  of	   information	   that	   can	  be	  collected	  by	  each	  
method	  is	  evidenced.	  
	  
3.2	  FCO	  ORIGIN	  
	  
The	  first	  studies	  emerge	  in	  1954	  by	  Wardrop	  and	  Charlesworth,	  at	  a	  time	  when	  there	  
were	  technological	  advances	  in	  the	  fields	  of	  satellite	  geolocation	  and	  mobile	  communications,	  
which	   allowed	   the	   design	   of	   new	   traffic	   data	   collection	   systems	   for	   vehicles	   and	   their	  
surroundings	  [12].	  	  
The	  procedure	  that	  was	  presented	  at	  that	  moment	  is	  the	  following:	  when	  a	  survey	  or	  floating	  
vehicle	  circulates	  in	  the	  opposite	  way	  that	  is	  measured,	  are	  counted	  the	  vehicles	  that	  are	  met	  
in	   the	   other	   direction,	   designated	   Na.	   And,	   when	   it	   circulates	   in	   the	   same	   way	   of	   the	  
measurements,	   are	   counted	   the	  vehicles	   that	  overtake	   the	   survey	   vehicle	   less	   the	  ones	   that	  
are	  overtaken	  by	  it,	  designated	  Nw	  [4].	  
Considering	   the	   traffic	   flow	  stationary,	   the	  estimated	   flow	   in	   the	  direction	  of	   interest	  can	  be	  
determined	  as:	  
	   𝑞 =   𝑁! + 𝑁!𝑡! + 𝑡!       [𝑣𝑒ℎ/ℎ]	  
	   	  
	   Where	  
	   	   tw	  is	  the	  travel	  time	  when	  the	  survey	  vehicle	  circulates	  in	  the	  way	  of	  interest	  
	   	   ta	  is	  the	  travel	  time	  when	  it	  drives	  against	  of	  the	  measured	  way	  
	  
And	  the	  estimation	  of	  the	  mean	  of	  the	  travel	  time:	  
	   𝑡 = 𝑡! − 𝑁!𝑞       [𝑠𝑒𝑐]	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It	   should	  be	  noted	   that	   this	  was	   the	   first	   procedure	   and	   it	   does	  not	   conform	   to	   the	   current	  
situation,	   in	  which	  there	   is	  a	  wide	  range	  of	   technologies	   that	  can	  be	  used	   instead	  of	  manual	  
counting,	  as	  is	  proposed	  in	  this	  case.	  
	  
The	  advantages	  of	  this	  method	  recognized	  by	  Wardrop	  and	  Charlesworth	  are:	  the	  possibility	  to	  
collect	  data	  about	  the	  flow	  and	  the	  speed,	  the	  travel	  time	  along	  a	  length	  of	  road,	  the	  flow	  rate	  
and	  the	  average	  speed	  of	  vehicles	  can	  be	  calculated.	  Moreover,	  vehicles	  can	  be	  classified	  and	  
flow	  rates	  depending	  on	  vehicle’s	   types	  can	  be	   found,	   if	   it	   is	   required	  additional	   information	  
can	  be	  recorded	  [19].	  	  
Wright	  (1973)	  revised	  also	  this	  theory	  and	  he	  concluded	  that	  the	  method	  gave	  partial	  results,	  
although	   the	   tendency	   was	   not	   significant	   in	   practice,	   and	   could	   be	   overcome.	   Wright	  
proposed	  that	  it	  should	  be	  fixed	  the	  journey	  time	  in	  advance,	  and	  mentioned	  that	  the	  turning	  
traffic	  could	  upset	  the	  calculations.	  To	  solve	  it,	  major	  exits	  or	  entrances	  should	  be	  avoided.	  In	  
addition,	   for	   a	   reliable	   estimation	   of	   speeds	   and	   flows	   is	   needed	   a	   large	   number	   of	  
observations,	  without	  this	  the	  method	  presents	  a	  limited	  precision	  [5].	  
	  
3.3	  FCO	  IN	  CURRENT	  RESEARCH	  
	   	  
With	  the	  spread	  of	  new	  technologies	  and	  methods	  of	  data	  collection	  the	  FCO	  is	  again	  
the	  focus	  of	  many	  researches.	  The	  current	   issue	   is	   to	   find	  the	  appropriate	  technology,	  which	  
allows	   collecting	   highly	   accurate	   spatial-­‐temporal	   traffic	   data	   without	   requiring	   a	   major	  
investment.	  	  
In	  this	  section	  are	  introduced	  some	  of	  the	  present	  researches.	  
	  
Sound	  based	  detection	  
	  
	   The	   idea	   is	   to	   detect	   vehicles	   in	   oncoming	   traffic	   based	   on	   sound	   detection.	   The	  
purpose	   is	   to	  capture	  the	  sound	  caused	  by	  the	  vehicles	  engines	  or	  the	  wheels.	  A	  remarkable	  
advantage	  of	   this	  method	   is	   the	   relatively	   low	  cost	  detection	   technology	   required;	   as	   only	   a	  
microphone	  and	  an	  evaluation	  unit	  is	  required.	  
	  
There	  are	   some	  studies	   in	  order	   to	  evaluate	   this	   technology	  by	   installing	  a	  microphone	  on	  a	  
vehicle	  in	  order	  to	  recorder	  the	  sound	  of	  passing	  vehicle	  directly.	  In	  [24]	  tests	  in	  two	  different	  
scenarios	   were	   carried	   out	   road:	   controlled	   and	   free	   test.	   The	   aim	   of	   the	   first	   one	   was	   to	  
evaluate	  the	  performance	  of	  the	  sound	   level	  recognition	  depending	  on	  the	  speed,	  which	   is	  a	  
main	  factor	  for	  the	  noise	  level	  of	  vehicles.	  Considering	  the	  second	  scenario,	  it	  was	  possible	  to	  
evaluate	  the	  noise	  in	  different	  weather	  conditions	  or	  traffic	  loads.	  	  
From	   the	   first	   scenario,	   the	   results	   showed	   that	   detections	   of	   oncoming	   traffic	   with	   lower	  
speed	  are	  not	  possible.	  The	  reason	  is	  that	  the	  FCO	  own	  noise	  level	  overlies	  the	  sound	  level	  of	  
distant	  oncoming	  vehicles.	  
From	  the	  second	  one,	  there	  were	  some	  false	  detections	  caused	  by:	  too	  slow	  passages,	  higher	  
latitudinal	   distance,	   disturbance	   with	   other	   vehicles,	   etc.	   Concerning	   the	   test	   under	   wet	  
conditions,	  most	  of	  the	  detection	  errors	  occurred	  due	  to	  the	  background	  noise.	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To	   sum	  up,	   sound	  parameter	  based	  detection	   is	   likely	   to	  be	  used	   in	  order	   to	   implement	   the	  
approach	   of	   FCO.	   This	   technology	   works	   well	   on	   subordinated	   roads	   without	   structural	  
separation	  of	  driving	  directions.	  The	  detection	  rates	  of	  over	  90%	  are	  promising	  but	  more	  tests	  
are	  needed	  to	  affirm	  the	  sustainability	  of	  this	  approach.	  
	  
Video	  based	  detection	  
	  
	   Another	  method	  to	  detect	  vehicles	  in	  oncoming	  traffic	  is	  the	  video	  based	  detection.	  To	  
recognize	  vehicles	  with	   this	   technology,	   fixed	  cameras	  on	   the	   roads	  are	   installed	   to	  detect	  a	  
concrete	  characteristic	  of	  vehicles,	  for	  example	  number	  plates	  or	  rear	  red	  lights	  [24].	  
Concerning	  the	  studies	  about	  recognising	  rear	  red	   lights,	   is	  used	  a	  detection	  algorithm	  which	  
detects	  vehicles	  automatically.	  This	  algorithm	  scans	  the	  video	  image	  for	  red	  pixels,	  as	  most	  of	  
the	  rear	  lights	  of	  vehicles	  are	  red	  coloured.	  	  
To	  evaluate	  this	  approach	  some	  road	  tests	  were	  carried	  out	   in	   [24].	  The	  results	  showed	  that	  
this	   methodology	   is	   reliable	   but	   some	   errors	   occur	   with	   vehicles	   whose	   rear	   lights	   are	  
shadowed	   or	   dirty.	   However,	   algorithm	   settings	   are	   possible	   to	   be	   developed	   for	   different	  
driving	  scenarios	  to	  avoid	  errors.	  In	  areas	  where	  red	  pixels	  cannot	  be	  hidden	  in	  the	  background	  
(red	  facades,	  fences,	  parked	  cars)	  an	  accurate	  detection	  cannot	  be	  expected.	  
	  
The	  results	  using	  this	  technology	  are	  promising	  and	  it	  might	  be	  possible	  to	  improve	  them	  with	  
some	  readjustments.	  Nevertheless,	  there	  are	  some	  unavoidable	  detection	  errors	  in	  areas	  like	  
cross-­‐town	  links	  and	  constructions	  sites.	  	  
	  
Floating	  Phone	  Data	  
	  
	   The	  use	  of	  this	  technology	  has	  been	  studied	  lately	  for	  traffic	  data	  collection,	  due	  to	  the	  
high	  spreading	  of	  mobile	  phones	  and	  the	  possibility	  to	  trace	  them.	  The	  purpose	  of	  the	  use	  of	  
mobile	  data	  is	  the	  detection	  of	  traffic	  interruptions	  by	  identifying	  and	  evaluating	  the	  positions	  
of	  vehicles	  in	  the	  road	  network.	  
An	  important	  advantage	  of	  this	  technology	  is	  the	  possibility	  of	  using	  existing	  infrastructure	  and,	  
therefore,	  the	  relatively	  low	  cost	  of	  this	  proposal.	  In	  addition,	  the	  high	  market	  penetration	  of	  
mobile	  phones	  causes	  a	  potential	  extraction	  of	  reliable	  traffic	  information.	  
However,	  the	  location	  precision	  on	  detections	  is	  low,	  but	  it	  could	  be	  improved	  by	  using	  Map-­‐
Matching	   algorithms,	   i.e.	   by	   adjusting	   the	   captured	   position	   with	   digital	   road	   maps	   and	   a	  
correction	   of	   the	   position.	   Despite	   in	   the	   case	   of	   motorways	   the	   use	   of	   Map-­‐Matching	   is	  
promising,	  in	  urban	  areas,	  where	  the	  road	  network	  is	  denser,	  is	  complex.	  
For	  a	  successful	  implementation	  of	  FPD	  some	  researches	  have	  to	  be	  done	  in	  order	  to	  introduce	  
improvements	  in	  it	  [12].	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3.4	  BASICS	  OF	  BLUETOOTH	  TECHNOLOGY	  
	   	  
	   Bluetooth	  is	  a	  wireless	  technology	  for	  data	  transmission	  in	  short	  distances,	  which	  was	  
invented	  by	  Ericsson	  in	  1994	  with	  the	  purpose	  to	  connect	  several	  devices	  without	  the	  need	  of	  
using	  cables.	  	  
In	   the	   last	   years,	   this	   technology	  has	   revolutionised	   the	   communications’	  world	   and	   in	  2013	  
the	   cumulative	   Bluetooth	   product	   shipments	   surpassed	   the	   2,5	   billion.	   Nowadays,	   it	   allows	  
easy	  connections	  for	  low-­‐power	  consumptions,	  with	  short	  ranges	  based	  on	  low-­‐cost	  [2].	  
	  
This	   wireless	   technology	   communicates	   in	   the	   unlicensed	   WLAN	   around	   2,4	   GHz	   ISM	  
(Industrial,	   Scientific,	   Medical)	   Band.	   It	   operates	   at	   a	   1	   MHz	   bandwidth	   per	   channel,	   in	   a	  
frequency	  band	  from	  2,400	  GHz	  to	  2,4835	  GHz,	  which	  corresponds	  to	  79	  channels	  available	  for	  
Bluetooth	  communication.	  	  
This	   frequency	   band	   is	   used	   by	   various	   radio	   technologies	   and	   consequently,	   disorders	  with	  
other	  devices	  cannot	  be	  excluded.	   In	  order	  to	  make	  the	  communication	  robust	  against	  these	  
fixed-­‐frequency	   disturbances,	   frequencies	   are	   changed	   up	   to	   1600	   times	   per	   second.	   This	   is	  
known	  as	  frequency	  hopping	  [23].	  
The	   maximum	   Bluetooth	   range	   is	   approximately	   100	   m	   resulting	   from	   the	   requirement	   of	  
Federal	  Network	  Agency	  for	  a	  maximum	  radiation	  power	  of	  100	  mW	  EIRP	  (Effective	  Isotropic	  
Radiated	  Power),	  this	  value	  is	  used	  to	  indicate	  the	  antenna	  efficiency	  [12].	  
The	  available	  Bluetooth	  devices	  are	  classified	  depending	  on	   their	   range	   in	   three	  classes.	  The	  
third	   class,	   with	   the	  maximum	   allowance	   transmission	   power,	   is	   for	   the	   devices	   with	   short	  
communication	  range,	  up	  to	  10	  m.	  The	  first	  and	  second	  classes	  have	  a	  lower	  transmission,	  and	  
their	  communication	  range	  is	  up	  to	  100	  m	  and	  up	  to	  20	  m	  respectively.	  
An	  important	  feature	  offered	  by	  Bluetooth	  is	  the	  ability	  to	  connect	  different	  types	  of	  devices	  
such	   as	   phones,	   laptops,	   navigation	   systems	   and	   hands-­‐free	   equipment,	   which	   enables	   a	  
communication	  regardless	  of	  the	  manufacturer.	  Of	  this	  technology	  is	  also	  remarkable,	  the	  use	  
of	  a	  unique	  identification	  code	  of	  each	  device,	  a	  media	  access	  control	  address	  (MAC	  address).	  
	  
The	   connection	   establishment	   between	   two	   Bluetooth	   devices	   can	   be	   described	   by	   the	  
following	  states	  [12]	  [2]:	  A	  Bluetooth	  device	  is	  turned	  on	  and	  ready	  to	  connect	  to	  any	  network	  
or	  other	  devices,	  this	  state	  is	  known	  as	  standby.	  The	  next	  state	  is	  called	  inquiry,	  in	  this	  a	  device	  
looks	   for	   another	  one	  with	  which	   to	  established	  a	   connection.	   The	   time	   to	   change	   from	   the	  
first	   state	   to	   the	   second	   takes	   about	   two	   seconds	   and	   it	   is	   repeated	   periodically.	   Then,	   the	  
device	   turns	   into	   the	   inquiry	   scan	   state,	   in	   which	   is	   able	   to	   receive	   data	   from	   different	  
frequencies	  and	  waits	   for	  a	   certain	  period	  of	   time	   for	   ID	  packets	  with	  an	  appropriate	  access	  
code.	  When	  the	  device	  has	  received	  an	  inquiry	  packet,	  a	  frequency	  hopping	  sequence	  packet	  
(FHS	  packet)	   is	   sent	  back	   to	   the	  other	  device	  with	   its	  parameters,	   this	   last	   state	   is	  known	  as	  
inquiry	  response.	  
The	  following	  figure	  shows	  this	  connection	  procedure	  between	  two	  devices.	  It	  should	  be	  noted	  
that	  only	  the	  outlined	  part	  has	  been	  described,	  as	  it	  is	  the	  relevant	  for	  this	  project.	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Figure	  3.3:	  Establishment	  of	  Bluetooth	  connection	  [18]	  
	  
3.5	  FCO	  BASED	  ON	  BLUETOOTH	  
	  
	   Floating	   Car	   Observer	   based	   on	   Bluetooth	   technology	   (FCO-­‐BT)	   is	   the	   use	   of	   this	  
wireless	  technology	  as	  sensor	   in	  floating	  vehicles.	  The	   idea	   is	  to	  use	  car	  fleets	  equipped	  with	  
Bluetooth	  detection	  systems	  driving	  on	  the	  road	  network,	  thereby	  observing	  the	  surrounding	  
environment.	  These	  vehicles	  would	  detect	  devices	  with	  activated	  Bluetooth,	  not	  only	  the	  ones	  
located	  on	  board	  of	  vehicles	  also	  from	  pedestrians,	  cyclists	  and	  passengers	  of	  public	  transport	  
[7].	  
	  
Due	  to	  the	  fact	  that	  Bluetooth	  devices	  can	  be	  identified	  by	  others	  only	  in	  a	  specific	  range,	  what	  
means	   during	   a	   certain	   time	   interval,	   and	   the	   observed	   vehicles	   might	   move	   quickly	   it	   is	  
necessary	   to	   combine	   data	   from	   various	   FCO	   in	   different	   positions	   to	   achieve	   complete	  
trajectories,	   as	  well	   as	   for	   the	  measurement	  of	   travel	   times.	   By	  using	   this	   technology	   this	   is	  
possible	  because	  of	  the	  codes	  from	  devices	  and	  the	  way	  that	  the	  data	   is	  recorded;	  as	  during	  
the	   establishment	   of	   connection	   a	   device	   has	   to	   disclose	   its	   unique	   identification	   code,	  
allowing	  the	  identification	  and	  re-­‐identification	  of	  devices	  in	  the	  road	  network.	  
Concerning	  the	  data	  obtained	  by	  Bluetooth	  technology,	  it	  is	  recorded	  in	  log	  files	  in	  time	  stamps	  
and	   positions,	   and	   supplemented	   by	   the	   identification	   codes.	   Thus	   is	   possible	   to	   link	  
information	  from	  different	  FCO	  but	  from	  the	  same	  Bluetooth	  vehicle.	  
It	   should	   be	   noted	   that	   Bluetooth	   vehicle	   is	   used	   to	   denote	   cars	   with	   activated	   Bluetooth	  
device	  on	  board.	  
The	  procedure	  of	  the	  calculation	  of	  the	  travel	  time	  ΔT	  of	  an	  object	  is	  simply	  the	  time	  interval	  
between	  its	  identification	  at	  position	  x	  at	  time	  t	  and	  its	  re-­‐identification	  at	  position	  x+Δx	  at	  the	  
time	  t+ΔT.	  An	  equivalent	  parameter	  is	  the	  travel	  speed	  v,	  which	  can	  be	  calculated	  by	  [23]:	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𝑣 =   ∆𝑥∆𝑡       [𝑘𝑚/ℎ  𝑜𝑟  𝑚/𝑠]	  
	  
Regarding	   the	   trajectories	   can	   be	   obtained	   by	   tracing	   the	   different	   positions,	   in	  which	   each	  
vehicle	   has	   been	   detected.	   From	   them,	   it	   could	   be	   possible	   to	   figure	   out	   OD	   and	   linkages	  
matrices	  for	  transportation	  planning	  and	  traffic	  control.	  	  
	  
Moreover,	   the	   treatment	   of	   the	   Bluetooth	   data	   is	   not	   an	   obstacle	   to	   this	   proposal,	   as	  
nowadays	   there	   are	   many	   software	   based	   packet	   analysers,	   which	   are	   able	   to	   catch	   MAC	  
addresses	  from	  passing	  Bluetooth	  devices	  [23].	  
	  
As	  mentioned	  before,	  the	  detection	  range	  is	  a	  limitation	  of	  this	  technology,	  as	  devices	  such	  as	  
navigation	   systems,	   mobiles	   or	   hands	   free	   systems,	   are	   classified	   in	   class	   two	   and	   three,	  
therefore	   the	  maximum	  range	   that	   they	  present	   is	  20	  m.	  However,	  known	  the	  problem,	   this	  
can	  be	  avoided	  or,	  at	  least,	  reduce	  its	  impact.	  
The	  probability	  of	  detection,	  as	  demonstrated	  in	  [6],	  depends	  on	  the	  parameters	  related	  with	  
detection,	  which	  are	  for	  example	  the	  distance	  between	  observer	  and	  vehicle	  and	  the	   inquiry	  
procedure	  of	   the	  detection	   technology.	  Parameters	   related	   to	   the	   road	  network,	  as	  network	  
size	  or	  type.	  The	  ones	  related	  with	  the	  traffic	  as	  traffic	  demand,	  traffic	  state	  or	  traffic	  control.	  
And	   the	   environmental	   ones,	   these	   could	   be	   weather	   conditions,	   construction	   areas	   or	  
multipath	  conditions.	  
The	   analysis,	   performed	   in	   [6],	   presents	   an	   analytical	   model	   to	   calculate	   this	   probability	  
depending	   on	   the	   speed	   vehicles,	   the	   detection	   range	   and	   the	   distance	   between	   vehicles.	  
Moreover,	  this	  model	  is	  also	  corroborated	  with	  a	  practise	  test.	  
It	   is	   concluded	   the	   potential	   of	   this	   technology,	   as	   it	   is	   tested	   that	   more	   than	   80%	   of	   all	  
vehicles	  equipped	  with	  wireless	  technology	  can	  be	  detected	  and	  re-­‐detected	  with	  penetration	  
rates	  less	  than	  10%	  [6].	  
	  
To	   sum	  up,	  using	  Bluetooth	   technology	  allows	  obtaining	   reliable	   information	   such	  as	  
times	  and	  positions	  at	  low	  cost	  without	  requiring	  the	  installation	  of	  costly	  infrastructure.	  And	  
also	  the	  further	  treatment	  in	  order	  to	  determine	  the	  traffic	  state,	  travel	  times,	  trajectories	  and	  
other	  traffic	  parameters.	  
However,	   for	   the	  success	  of	   this	  proposal,	   there	  are	  some	  aspects	  still	   to	  be	  determined,	   for	  
example:	  the	  amount	  of	  FCO	  vehicles	  that	  are	  needed	  to	  collect	  enough	  measures,	  the	  number	  
of	  vehicles,	  which	  are	  equipped	  with	  Bluetooth	  devices,	  etc.	  As	  mentioned	  before,	  the	  aim	  of	  
this	   thesis	   is	   to	   answer	   these	   questions	   in	   order	   to	   use	   FCO-­‐BT	   for	   an	   efficient	   traffic	  
management.	  
	   	  
Analysing	  the	  oncoming	  traffic	  with	  Bluetooth	   23	  
4	  SIMULATION	  
	  
	  
	   In	   the	   context	   of	   traffic	  management	   is	   very	   common	   to	   use	   simulation	   systems	   as	  
they	   allow	   the	   evaluation	   of	   the	   introduction	   of	   new	   systems	   as	   well	   as	   modifications	   to	  
systems	   already	   implemented.	   With	   simulation	   models	   is	   possible	   to	   imitate	   precisely	   the	  
behaviour	  of	   complex	   systems,	  which	  usually	  are	  characterised	   for	   the	   interaction	  of	   several	  
entities	  or	  component	  that	  cannot	  be	  represented	  through	  mathematical	  formulation.	  
In	  this	  case,	  the	  use	  of	  simulations	  should	  help	  to	  evaluate	  the	  acquisition	  of	  traffic	  data	  with	  
the	  FCO-­‐BT	  and	  determine	  the	  differences	  between	  the	  levels	  of	  equipment	  that	  are	  expected	  
to	  evaluate.	  	  
	  
Simulation	   models	   can	   be	   classified	   according	   to	   the	   level	   of	   detail	   with	   which	   they	  
represent	  the	  studied	  system.	  In	  this	  classification	  is	  distinguished	  [5]:	  
	  
• Microscopic	  simulators:	  they	  are	  able	  to	  represent	  systems	  with	  high	  fidelity,	  treating	  
the	  vehicles	  as	   individual	  entities	  and	  describing	  the	  interactions	  between	  vehicles	  as	  
well	  as	  with	  the	  infrastructure.	  
Due	   to	   the	   requirement	   of	   an	   exhaustive	   analysis	   of	   the	   road	   network,	   its	  
computational	   costs	   are	   high.	   For	   this	   reason,	   microscopic	   simulators	   are	   used	   for	  
small	  areas.	  
• Macroscopic	   simulators:	   these	  models	   treat	   the	   traffic	   as	   a	   flow,	   describing	   entities	  
and	  their	  activities	  and	  interactions	  at	  a	  low	  level	  of	  detail.	  
Their	  computational	  costs	  are	  lower	  and	  their	  results	  can	  differ	  from	  the	  reality.	  These	  
simulators	  are	  use	  in	  large	  areas,	  if	  results	  are	  not	  sensitive	  to	  microscopic	  details	  and	  
when	  time	  and	  resources	  are	  limited.	  
• Mesoscopic	   simulators:	   they	   are	   an	   intermediate	   solution	   between	   the	   already	  
described	   simulators.	   Usually	   they	   represent	   entities	   with	   high	   fidelity	   but	   their	  
activities	   and	   interactions	   are	   described	   at	   a	   much	   lower	   level	   of	   detail	   than	  
microscopic.	  
	  
The	   following	   sections	   describe	   the	   chosen	   simulation	   programs	   Lisa+	   and	   PTV	   Vissim,	   the	  
analysed	  scenario	  and	  the	  development	  of	  the	  simulation.	  	  
	  
4.1	  PTV	  VISSIM	  
	  
	   PTV	  Vissim	   is	  a	  microscopic	  and	  multi-­‐modal	  traffic	  simulation	  software	  developed	  by	  
PTV	  Group.	   This	   tool	  offers	   a	   great	   flexibility	   in	   several	   aspects	   that	   allows	   simulating	   traffic	  
patterns	   exactly.	   Since	   its	  multi-­‐modality	   is	   possible	   to	   display	   in	   a	   single	  model	   all	   types	   of	  
road	   users	   (motorised	   private	   transport,	   goods	   transports,	   rail	   and	   road	   related	   public	  
transport,	   pedestrians	   and	   cyclists)	   and	   their	   interaction.	   In	   addition,	   it	   is	   possible	   to	  model	  
complex	  geometry	  and	  to	  parameterise	  individual	  attributes	  for	  drivers	  and	  vehicles	  [21].	  
	  
PTV	   Vissim	   is	   a	   powerful	   tool	   for	   the	   evaluation	   and	   planning	   of	   urban	   and	   extra-­‐urban	  
transport	   infrastructure.	   Apart	   from	   the	   computational	   results	   it	   is	   possible	   to	   obtain	   3D	  
Analysing	  the	  oncoming	  traffic	  with	  Bluetooth	   24	  
animations	  for	  different	  scenarios.	  Thus,	  it	  is	  an	  ideal	  resource	  for	  transport	  planning,	  mobility	  
studies	  or	  public	  presentations	  [21].	  
	  
	  
Figure	  4.1:	  PTV	  Vissim	  screenshot	  [21]	  
	  
4.2	  LISA+	  
	  
LISA+	   is	   a	   traffic	   engineering	   software	   developed	   by	   Schlouthauer	   &	  Wauer.	   It	   is	   a	  
package	   for	   planning	   and	   evaluation	   intersections,	   testing	   traffic-­‐actuated	   controls	   and	  
simulating	  traffic	   flow.	  The	  detailed	  simulation	  and	  analysis	  of	   the	  proposed	  control	  allows	  a	  
comprehensive	   assessment	   of	   traffic	   flows.	   This	   tool	   helps	   to	   make	   decisions	   on	   the	  
development	  of	  road	  infrastructure	  [13].	  
	  
In	  this	  project	  this	  software	  is	  used	  to	  create	  signal-­‐timing	  plans,	  as	  it	  offers	  extensive	  
features	  for	  creating	  and	  editing	  them.	  A	  part	  from	  creating	  them	  manually,	  it	  also	  enables	  the	  
possibility	  to	  calculate	  automatically	  and	  optimize	  them	  according	  to	  different	  parameters	  [13].	  
	   	  
4.3	  SIMULATION	  SCENARIO	  
	  
The	   selected	   scenario	   is	   located	   in	   the	   city	   of	   Kassel	   in	   the	   centre	   of	   Germany,	  
concretely	   in	   northern	   Hesse.	   The	   studied	   area	   is	   in	   the	   neighbourhood	   of	  Wesertor	   and	   it	  
consists	  in	  two	  intersections	  called	  Holländischer	  Platz	  and	  Katzensprung,	  and	  the	  stretch	  that	  
connects	  them	  Kurt-­‐Wolters-­‐Straβe,	  as	  can	  be	  seen	  in	  Figure	  4.2.	  
	  
The	   choice	  of	   this	   location	   is	  due	   to	   the	  high	   intensity	   in	   this	   area,	   as	   it	   is	   a	  part	  of	  Kassel’s	  
bypass	  and	  also	   it	   is	  close	  to	  the	  city	  centre.	  Furthermore	   it	   is	  known	  that	   in	   the	  peak	  hours	  
there	  are	  often	  traffic	  jams,	  so	  by	  its	  study	  may	  be	  possible	  to	  introduce	  some	  improvements,	  
as	  this	  slot	  of	  time	  is	  simulated.	  
In	   addition,	   its	   proximity	   to	   the	   university	   facilitates	   its	   study	   and	   some	   researches	   were	  
carried	  out	  on	  this	  road	  network,	  so	  their	  conclusions	  could	  be	  used	  in	  this	  project.	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Another	  considered	  factor	  is	  that	  Transport	  Authority	  of	  Kassel	  can	  provide	  the	  characteristics	  
of	  the	  traffic.	  
	  
	  
Figure	  4.2:	  Simulation’s	  location	  [source:	  google	  maps]	  
	  
Each	  part	  of	  the	  studied	  area	  is	  presented	  below.	  
	  
• Höllandischer	  Platz:	  as	  can	  be	  seen	  in	  the	  figure	  4.3	  is	  an	  intersection	  of	  four	  branches	  
that	  each	  one	  has	  between	  two	  and	  four	  lanes.	  Due	  to	  the	  complexity	  and	  diversity	  of	  
the	  allowed	  movements,	  it	  is	  regulated	  by	  traffic	  lights.	  	  
The	  presence	  of	  pedestrians	   is	   remarkable	  as	   the	  main	  entrance	  of	   the	  University	  of	  
Kassel	   is	   located	   in	   a	   corner	   of	   this	   intersection.	   Because	   of	   the	   large	   number	   of	  
pedestrians	  and	   the	   importance	  of	   the	   roads,	   there	  are	  only	  crosswalks	   in	   the	  street	  
level	   in	   Untere	   Königsstraβe	   and	   Kurt-­‐Wolters-­‐Straβe	   while	   all	   the	   others	   are	  
underground.	  
In	   this	   intersection	  also	  circulates	   the	   tram	   in	   the	   streets	  of	  Holländische	  Straβe	  and	  
Untere	  Königsstraβe.	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Figure	  4.3:	  Plan	  of	  Holländischer	  Platz	  intersection	  [Source:	  Faculty	  14-­‐	  University	  of	  Kassel]	  
	  
• Katzensprung:	  is	  an	  intersection	  of	  four	  branches,	  each	  of	  them	  has	  two	  or	  more	  lanes.	  
Due	  to	  the	   large	  amount	  of	  moves	  allowed	   in	   it	  and	  the	  presence	  of	  crosswalks,	   this	  
crossing	  is	  regulated	  by	  traffic	  lights.	  Furthermore,	  public	  transport	  is	  also	  circulating	  in	  
this	  intersection,	  concretely	  in	  the	  street	  of	  Weserstraβe.	  
The	  following	  figure	  illustrates	  this	  intersection.	  
	  
	  
Figure	  4.4:	  Plan	  of	  Katzensprung	  intersection	  [Source:	  Faculty	  14-­‐	  University	  of	  Kassel]	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• The	  stretch	  between	  the	  already	  introduced	  intersections,	  called	  Kurt-­‐Wolters-­‐Straβe,	  
is	  a	  two-­‐way	  street	  with	  a	   length	  about	  450	  m.	  There	  is	  an	  intersection,	  regulated	  by	  
traffic	  lights,	  located	  approximately	  in	  the	  half	  of	  its	  length,	  where	  is	  allowed	  to	  turn	  to	  
Artilleriestraβe	   from	  both	  ways,	   and	   the	   incorporation	  of	   vehicles	   exclusively	   on	   the	  
way	  to	  Katzensprung.	  In	  this	  point,	  there	  is	  also	  a	  crosswalk,	  although	  the	  presence	  of	  
pedestrians	  is	  widely	  smaller	  than	  in	  the	  intersections.	  
	  
	  
Figure	  4.5:	  Plan	  of	  Kurt-­‐Wolters-­‐Strasse	  intersection	  [Source:	  Faculty	  14-­‐	  University	  of	  Kassel]	  
	  
	  
4.4	  DEVELOPMENT	  OF	  THE	  SIMULATION	  
	  
The	   first	   step	   of	   the	   development	   of	   the	   simulation	   is	   to	   carry	   out	   the	   signal-­‐timing	  
plan	   for	   the	   intersections	  using	   the	  already	  described	  program	  LISA+.	  This	  process	  has	   to	  be	  
done	   separately	   for	   each	   part	   of	   the	   simulated	   location,	   since	   all	   of	   them	   are	   regulated	   by	  
traffic	  lights.	  
It	   is	   started	   with	   the	   development	   of	   the	   road	   geometry,	   which	   has	   to	   be	   as	   accurate	   as	  
possible	  to	  achieve	  results	  according	  to	  the	  reality.	  For	  this	  reason	  the	  figures	  4.3,	  4.4	  and	  4.5	  
are	  used	  as	  backgrounds	  for	  each	  intersection.	  First	  are	  traced	  the	  axis	  of	  each	  street	  and	  then	  
the	   streets	   introducing	   their	   characteristics	   as:	   the	   number	   of	   lanes,	   direction,	  width	   of	   the	  
lanes,	   etc.	   The	   following	   step	   is	   to	   draw	   the	   trajectories	   within	   the	   crossings,	   and	   some	  
particular	  parameters	  are	  specified	  as:	  
	  
• The	  mode	  of	  transport	  that	  circulates	  on	  it:	  vehicles,	  public	  transport	  or	  pedestrians.	  
• Traffic	  volume	  for	  each	  movement	  inside	  the	  intersections.	  As	  mentioned	  before	  these	  
values,	  which	  are	  contained	  in	  the	  table	  4.1,	  belong	  to	  the	  rush	  hour.	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Origin	   Destination	   Traffic	  flow	  (veh/h)	  
Wolfhager	  Straβe	  
Untere	  Königsstraβe	   114	  
Kurt-­‐Wolters-­‐Straβe	   633	  
Holländische	  Straβe	   519	  
Holländische	  Straβe	  
Wolfhager	  Straβe	   281	  
Untere	  Königsstraβe	   292	  
Kurt-­‐Wolters-­‐Straβe	   597	  
Kurt-­‐Wolters-­‐Straβe	  
Holländische	  Straβe	   636	  
Wolfhager	  Straβe	   547	  
Untere	  Königsstraβe	   89	  
Untere	  Königsstraβe	  
Kurt-­‐Wolters-­‐Straβe	   49	  
Holländische	  Straβe	   189	  
Wolfhager	  Straβe	   49	  
Kurt-­‐Wolters-­‐Straβe	  
Weserstraβe	  WS	   184	  
Schützenstraβe	   1283	  
Weserstraβe	  NE	   77	  
Weserstraβe	  NE	  
Kurt-­‐Wolters-­‐Straβe	   112	  
Weserstraβe	  WS	   438	  
Schützenstraβe	  
Weserstraβe	  NE	   45	  
Kurt-­‐Wolters-­‐Straβe	   855	  
Weserstraβe	  WS	   100	  
Weserstraβe	  WS	  
Schützenstraβe	   54	  
Weserstraβe	  NE	   991	  
Kurt-­‐Wolters-­‐Straβe	   395	  
Table	  4.1:	  Itineraries	  and	  their	  traffic	  flows	  
	  
The	  following	  figure	  shows	  the	  development	  of	   the	  geometry	  of	  Holländischer	  Platz,	  and	  the	  
introduction	   of	   the	   trajectories’	   characteristics.	   As	   can	   be	   seen,	   there	   are	   different	   types	   of	  
lines	   as	   result	   of	   the	   development:	   axis	   of	   the	   streets,	   lanes,	   pedestrian	   crossings,	   and	  
trajectories	  inside	  the	  intersection.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  4.6:	  Geometry	  development	  of	  Holländischer	  Platz	  intersection	  with	  LISA+	  
	  
	  
!
Pedestrian	  crossing	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Trajectory	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Street	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Concerning	  traffic	  lights	  regulation,	  the	  characteristics	  introduced	  are:	  
	  
• 	  The	  signal	  group	  to	  which	  each	  trajectory	  belongs.	  These	  are	  in	  the	  tables	  4.2,	  4.3	  and	  
4.4.	  
• The	  type	  of	  the	  traffic	  light	  signal:	  traffic	  lights	  for	  vehicles	  are	  “3-­‐feldig”,	  as	  they	  have	  
three	  possible	  states,	  and	  for	  pedestrians	  “2-­‐feldig”	  as	  they	  have	  two.	  
• The	  minimum	  green	  time	  for	  each	  signal	  group.	  These	  values	  are	  in	  the	  tables	  4.2,	  4.3	  
and	  4.4.	  	  
	  
KATZENSPRUNG	  
	  
HOLLÄNDISCHER	  PLATZ	  
Nr.	   Signal	  group	   tG	   tRG	   tgr,min	  
	  
Nr.	   Signal	  group	   tG	   tRG	   tgr,min	  
1	   1,1a	   3	   1	   10	  
	  
1	   1	   3	   1	   7	  
2	   2	   3	   1	   7	  
	  
2	   2,2a	   3	   1	   7	  
3	   3,3a	   3	   1	   10	  
	  
3	   3,3a	   3	   1	   10	  
4	   4a	   3	   1	   10	  
	  
4	   3b,4	   3	   1	   10	  
5	   5,5a	   3	   1	   10	  
	  
5	   5	   3	   1	   7	  
6	   5R	   3	   0	   5	  
	  
6	   5a,6	   3	   1	   10	  
7	   6	   3	   1	   7	  
	  
7	   7,7a	   3	   1	   10	  
8	   7,7a,7b	   3	   1	   10	  
	  
8	   8	   3	   1	   7	  
9	   7R	   3	   0	   5	  
	  
9	   9,1	   3	   1	   10	  
10	   21,21a	   0	   0	   10	  
	  
10	   41	   0	   6	   5	  
11	   22,22a	   0	   0	   7	  
	  
11	   42	   6	   0	   5	  
12	   23,23a	   0	   0	   8	  
	  
12	   21,21a	   0	   0	   6	  
13	   24,24a	   0	   0	   7	  
	  
13	   22,22a	   0	   0	   6	  
14	   25,25a	   0	   0	   8	  
	  
14	   23,26	   0	   0	   15	  
15	   26,26a	   0	   0	   7	  
	  
15	   24,25	   0	   0	   7	  
16	   27,27a	   0	   0	   12	  
	  
16	   27,28	   0	   0	   5	  
17	   28,28a	   0	   0	   7	  
	   Table	  4.3:	  Characteristics	  of	  the	  traffic	  lights	  
in	  the	  intersection	  of	  Holländischer	  Platz	  
18	   41	   0	   6	   5	  
	  19	   42	   6	   0	   5	  
	  20	   43	   6	   0	   5	  
	  
	   	   	   	   	  
21	   81	   2	   1	   5	  
	  
	   	   	   	   	  	  
Table	  4.2:	  Characteristics	  of	  the	  traffic	  
lights	  in	  the	  intersection	  of	  
Katzensprung	  
	  
	   	   	   	   	  
	  
	   	   	   	   	  	  
KURT-­‐WOLTERS-­‐STRAβE	  
	  
	   tG=Yellow/attention	  time	  [s]	  
Nr.	   Signal	  group	   tG	   tRG	   tgr,min	  
	  
	   tRG	  =Red-­‐Yellow	  time	  [s]	   	  
1	   1,2	   3	   1	   15	  
	  
	   tgr,min	  =	  Minimum	  green	  time	  [s]	  
2	   3,4	   3	   1	   15	  
	  
	   	   	   	   	  
3	   21,21a	   0	   0	   18	  
	  
	   	   	   	   	  
4	   22,22a	   0	   0	   10	  
	  
	   	   	   	   	  
Table	  4.4:	  Characteristics	  of	  the	  traffic	  
lights	  in	  the	  intersection	  of	  Kurt-­‐Wolters-­‐
Straβe	  
	  
	   	   	   	   	  
	  
	   	   	   	   	  
	  
	   	   	   	   	  
	  	  
Analysing	  the	  oncoming	  traffic	  with	  Bluetooth	   30	  
With	  all	   these	  data	  the	  program	  determines	   the	  conflict	  matrix,	   the	   intergreen	  times	  
and	   the	   offset	   conditions.	   The	   stages	   are	   configured.	   Finally,	   it	   is	   obtained	   the	   signal-­‐timing	  
plan	  for	  each	  intersection.	  
	  
After	  carried	  out	  the	  signal-­‐timing	  plans,	  it	  is	  proceed	  with	  the	  PTV	  Vissim	  program	  to	  
develop	  the	  simulation	  scenario.	  The	  first	  step	  is	  to	  define	  the	  geometry	  of	  the	  whole	  area,	  in	  
this	  case	  is	  used	  a	  satellite	  image	  to	  obtain	  an	  accurate	  result.	  The	  axis	  of	  the	  access	  streets	  to	  
the	   intersections	  are	  outlined,	  as	  well	  as,	   the	  Kurt-­‐Wolters-­‐Straβe,	  and	   then	   the	  streets	  with	  
their	   characteristics	  as	  number	  of	   lanes,	  direction,	  width,	  etc.	  After	   that	  are	  done	   the	   street	  
connections	   in	   the	   intersections.	   For	   all	   the	   trajectories	   is	   indicated	   the	   lane	   of	   origin	   and	  
destination.	  The	  following	  figure	  is	  an	  example	  for	  a	  street	  in	  Holländischer	  Platz.	  
	  
	  
Figure	  4.7:	  Street	  connections	  in	  PTV	  Vissim	  
	  
Concerning	  the	  traffic	  characteristics	  are	  introduced	  these	  parameters:	  
	  
• The	  traffic	  composition:	  it	  has	  been	  considered	  the	  same	  for	  all	  the	  streets.	  
PKW	  –	  Passenger	  cars:	  90%	  
LKW	  –	  Heavy	  goods	  vehicles:	  10%	  
• The	  traffic	  volume:	   it	   is	   specified	   for	  each	  access	  street	   to	   the	  simulated	  area.	  These	  
values	  are	  showed	  in	  the	  next	  figure:	  	  
	  
	  
Figure	  4.8:	  Values	  of	  the	  traffic	  flow	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• Routes:	   for	   each	   intersection	   is	   introduced	   the	   traffic	   volumes	   for	   all	   the	   possible	  
paths.	  These	  data	  is	  detailed	  in	  the	  table	  4.1.	  
• The	  desired	  speed:	  as	  it	  is	  an	  urban	  road,	  the	  speed	  has	  been	  considered	  50	  km/h	  for	  
all	  the	  vehicles.	  
• Slow	   traffic	   zones:	   these	   are	   the	   trajectories	   that	   change	   the	   direction	   in	   the	  
intersections.	  The	  speed	  considered	  in	  these	  cases	  is	  20	  or	  30	  km/h	  instead	  of	  50km/h.	  
The	  decision	  of	  30	  km/h	  is	  based	  on	  that	  the	  turns	  are	  to	  the	  left	  or	  to	  the	  right	  with	  
traffic	  island,	  whereas	  the	  20	  km/h	  for	  the	  turns	  to	  the	  right	  without	  traffic	  island.	  
	  
To	  simplify	  the	  simulation	  process	  the	  flow	  of	  pedestrians	  has	  not	  been	  introduced.	  
	  
Regarding	  public	  transport,	  concretely	  tram,	  is	  introduced	  the	  following	  parameters:	  
	  
• Stops:	  there	  are	  two	  in	  Holländischer	  Platz	  and	  two	  in	  Katzensprung,	   in	  each	  location	  
one	  for	  each	  way.	  
• Trajectories:	   trams	   stopping	   in	   Katzensprung	   drive	   along	   the	   Weserstraβe	   and	   the	  
other	  ones	  drive	  in	  Untere	  Königsstraβe	  and	  Holländische	  Straβe.	  
• Lines:	  the	  characteristics	  detailed	  are:	  the	  number	  of	  line,	  their	  frequency,	  the	  first	  and	  
the	  last	  departure.	  The	  traffic	  volume	  corresponds	  to	  the	  state	  of	  off-­‐peak	  period,	  and	  
all	   lines	   drive	   with	   a	   frequency	   of	   15	   minutes.	   The	   last	   time	   of	   is	   higher	   than	   the	  
simulation	  time	  to	  ensure	  that	  public	  transport	  circulates	  throughout	  the	  simulation.	  	  
	  
All	  these	  values	  are	  shown	  in	  the	  following	  table:	  
	  
TRAM	  
Each	  line	  has	  a	  15	  minutes	  frequency	  
KATZENSPRUNG	  
Line	   Direction	   Minute	  of	  first	  departure	  
3	  
Ihringhäuser	  Str.	   14	  
Druseltal	   3	  
6	  
Wolfsanger	   6	  
Brückenhof	   13	  
7	  
Ihringhäuser	  Str.	   5	  
Bf.	  Wilhelmshöhe	   14	  
HOLLÄNDISCHER	  PLATZ	  
Line	   	  	   Minute	  of	  first	  departure	  
1	  
Holländische	  Str.	   6	  
Wilhelmshöhe	   13	  
5	  
Holländische	  Str.	   13	  
Baunatal	   5	  
Table	  4.5:	  Simulation	  parameters	  of	  the	  trams	  
	  
The	  next	  step	  is	  to	  import	  the	  signal-­‐timing	  plans	  and	  the	  mode	  of	  traffic	  lights	  control,	  which	  
in	  this	  area	  is	  fixed	  time	  control.	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The	   Transport	   Authority	   of	   Kassel	   has	   provided	   the	   data	   of	   traffic	   parameters,	   which	   are	  
showed	  on	  the	  tables	  4.1,	  4.2,	  4.3,	  4.4,	  4.5,	  and	  the	  figure	  4.8.	  
	  
Finally	   to	  run	  the	  simulation,	  another	  tool	  has	  been	  used,	  which	  allows	  to	  simulating	  
the	   network	   with	   FCO	   using	   Bluetooth	   technology.	   The	   inputs	   on	   it	   are	   shown	   in	   the	   next	  
figure	  and	  detailed	  below.	  	  
	  
	  
Figure	  4.9:	  Screenshot	  of	  the	  simulation	  tool’s	  window	  
	  
• Vorlauf	   is	   the	  time	  prior	   to	  record	  results.	   It	   is	  considered	  200	  seconds,	   in	  which	  the	  
traffic	  network	  is	  filling	  with	  vehicles.	  
• Sim-­‐Dauer	  is	  the	  duration	  of	  the	  simulation.	  This	  value	  is	  3800	  seconds,	  as	  it	  is	  the	  time	  
prior	  to	  record	  results	  and	  the	  time,	  when	  are	  collected,	  3600	  seconds.	  
• FCO-­‐Austattungsrate	   is	   the	   penetration	   rate	   of	   FCO	   vehicles,	   the	  main	   parameter	   of	  
this	  study.	  It	  has	  been	  done	  simulations	  with	  20%,	  40%,	  60%,	  80%	  and	  100%,	  thus	  will	  
be	  possible	  to	  determine	  the	  proportion	  of	  FCO	  vehicles	  necessary	  in	  the	  road	  network	  
to	  collect	  enough	  traffic	  data.	  
• Fzg-­‐Rate	   mit	   Bluetooth	   is	   the	   amount	   of	   vehicles	   with	   active	   Bluetooth	   devices.	   In	  
Leitzke	   C.	   was	   done	   some	   research	   about	   this	   parameter	   in	   this	   area	   and	   it	   was	  
concluded	  that	  this	  rate	  was	  approximately	  5%.	  
• Detektionsreichweite	   is	   the	   detection	   range	   of	   Bluetooth.	   It	   has	   been	   considered	   20	  
meters,	  as	   it	   is	   the	  maximum	  radio	  of	   class	  2,	   in	  which	  are	  classified	  most	  of	  mobile	  
devices.	  
• Startzufallszahl	   is	   the	   seed	   random	   number.	   Not	   to	   introduce	   randomness	   between	  
simulations	  this	  number	  was	  the	  same	  in	  all	  of	  them.	  In	  this	  way,	  it	   is	  carried	  out	  the	  
same	   simulation	   in	   all	   cases	   and	   it	   is	   possible	   to	   compare	   the	   influence	   of	   the	  
penetration	  rate.	  
	  
The	  following	  figure	  shows	  an	  instant	  of	  the	  simulation.	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Figure	  4.10:	  Screenshot	  of	  the	  simulation	  in	  PTV	  Vissim	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5	  SIMULATION	  RESULTS	  
	  
After	  simulating	  the	  described	  scenario	  for	  the	  different	  penetration	  rates,	  the	  results	  
are	  introduced	  and	  analyzed	  in	  this	  chapter.	  	  
The	   program	   PTV	   Vissim	   provides	   the	   resulting	   data	   in	   log	   files,	   and	   for	   each	   simulation	   is	  
obtained	  three	  files.	  
	  
1) Data	  regarding	  to	  vehicles	  with	  Bluetooth	  devices.	  It	  contains	  information	  about	  all	  
BT	   vehicles,	   which	   drive	   on	   the	   study	   area	   during	   the	   simulation	   time.	   The	  
parameters	  provided	  are:	  	  
Simulation	  time	  
Vehicle’s	  identification	  number	  (ID)	  
Section’s	  km	  	  
Vehicle’s	  speed	  
Position’s	  coordinates	  (x,y,z)	  
Driving	  lane	  
Section’s	  ID	  
BT	  ID,	  which	  is	  the	  same	  as	  the	  vehicle’s	  ID.	  
	  
2) Data	  regarding	  to	  FCO	  vehicles	  when	  they	  detect	  a	  Bluetooth	  device.	  The	  obtained	  
parameters	  are:	  
Simulation	  time	  
Vehicle’s	  identification	  number	  (ID)	  
Section’s	  km	  
Vehicle’s	  speed	  
Position’s	  coordinates	  (x,y,z)	  
Driving	  lane	  
	   	   	   Section’s	  ID	  
FCO	  ID,	  which	  is	  the	  same	  as	  the	  vehicle’s	  ID.	  
	  
3) Data	   regarding	   to	   the	   vehicles,	   which	   have	   been	   detected.	   In	   this	   case	   the	  
parameters	  provided	  by	  the	  program	  are:	  
Simulation	  time	  
Vehicle’s	  identification	  number	  (ID)	  
Section’s	  km	  
Vehicle’s	  speed	  
Position’s	  coordinates	  (x,y,z)	  
Driving	  lane	  
Section’s	  ID	  
FCO	  ID	  which	  has	  recognized	  this	  vehicle	  
FCO	  vehicle’s	  speed	  
	  
In	   the	   first	   section	  of	   this	   chapter	   is	   performed	   the	   evaluation	  of	   trajectories,	  which	  
have	  been	  obtained	   from	  several	  detected	  positions	   for	  each	  car.	  As	   said	  before,	  one	  of	   the	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aims	   of	   this	   project	   is	   to	   find	   out	   which	   penetration	   rate	   is	   necessary	   to	   obtain	   sufficient	  
information	  and	  to	  describe	  the	  trajectories	  correctly.	  
The	   next	   section	   deals	   with	   the	   calculation	   of	   travel	   times	   and	   an	   analysis	   of	   the	   errors	  
depending	  on	  the	  penetration	  rate	  is	  also	  included.	  
	  
5.1	  TRAJECTORIES	  	  
	  
	   Ten	  random	  vehicles	  have	  been	  chosen	  from	  each	  penetration	  rate.	  And	  the	  positions,	  
where	  these	  vehicles	  have	  been	  detected,	  have	  been	  drawn.	  In	  this	  way,	  their	  trajectories	  are	  
obtained	  and	  they	  can	  be	  analysed.	  
It	  should	  be	  noted	  that	  the	  different	  FCO	  vehicles,	  which	  have	  detected	  each	  point,	  have	  been	  
distinguished.	  These	  are	  indicated	  in	  the	  legend	  of	  each	  graph.	  
	  
In	  this	  document	  is	  only	  showed	  one	  case	  for	  each	  penetration	  rate;	  the	  other	  graphs	  can	  be	  
found	  in	  the	  annex’s	  section	  A.1.	  
	  
Penetration	  rate	  of	  20%:	  
	  
	  
	  
Figure	  5.1:	  Detected	  trajectory	  of	  the	  vehicle	  3932	  -­‐	  Penetration	  rate	  of	  20%	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Penetration	  rate	  of	  40%:	  
	  
	  
Figure	  5.2:	  Detected	  trajectory	  of	  the	  vehicle	  1724	  -­‐	  Penetration	  rate	  of	  40%	  
	  
	  
	  
Penetration	  rate	  of	  60%:	  
	  
	  
Figure	  5.3:	  Detected	  trajectory	  of	  the	  vehicle	  1300	  -­‐	  Penetration	  rate	  of	  60%	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Penetration	  rate	  of	  80%:	  
	  
	  
Figure	  5.4:	  Detected	  trajectory	  of	  the	  vehicle	  955	  -­‐	  Penetration	  rate	  of	  80%	  
	  
	  
Penetration	  rate	  of	  100%:	  
	  
	  
Figure	  5.5:	  Detected	  trajectory	  of	  the	  vehicle	  3655	  -­‐	  Penetration	  rate	  of	  100%	  
	  
	  
	  Observing	  the	  graphs	  is	  possible	  to	  draw	  the	  following	  conclusions:	  
	  
Regarding	   the	   amount	   of	   detections,	   the	   differences	   between	   the	   highest	   and	   the	  
lowest	   levels	   of	   FCO	   vehicles	   can	   be	   noted.	   Despite	   these	   differences	   between	   penetration	  
rates,	  within	  each	  rate	  the	  amount	  of	  detections	  present	  also	  a	  large	  variance.	  For	  example,	  in	  
the	  rate	  of	  80%	  the	  vehicle	  ID	  4929	  has	  been	  detected	  only	  in	  9	  positions,	  whereas	  the	  vehicle	  
ID	  1478	  in	  175.	  To	  prove	  it,	  the	  averages	  detections	  of	  each	  percentage	  and	  its	  variances	  have	  
been	  calculated.	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   3547	   3578	  
3596	   3625	   3633	   3634	  
3637	   3643	   3646	   3651	  
3653	   3656	   3659	   3660	  
3661	   3669	   3670	   3678	  
3685	   3687	   3690	   3694	  
3696	   3697	   3706	   3708	  
3714	   3726	   3728	   3729	  
3731	   3740	   3745	   3746	  
3751	   3753	   3754	   3757	  
3761	   3762	   3770	   3778	  
3779	   3780	   3786	   3787	  
3790	   3795	   3814	   3825	  
3830	   3833	   3834	   3838	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   3995	   3994	   3991	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   3949	   3943	   3939	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   3927	   3924	  
3922	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   3918	   3913	  
3907	   3906	   3896	   3877	  
Analysing	  the	  oncoming	  traffic	  with	  Bluetooth	   38	  
	  
Penetration	  rate	  
Number	  of	  
vehicles	  
Detected	  
points	  
Mean	   Variance	  
20%	   272	   5791	   21,45	   490,37	  
40%	   272	   11493	   42,25	   1253,57	  
60%	   275	   18635	   67,76	   3911,10	  
80%	   272	   25049	   92,09	   2786,49	  
100%	   272	   31934	   117,40	   12485,81	  
Table	  5.1:	  Mean	  and	  variance	  of	  penetration	  rates	  
	  
According	   to	   the	   data	   shown	   in	   the	   table	   5.1	   is	   demonstrated	   what	   it	   was	   stated	  
before	   concerning	   the	  amount	  of	  detected	  points.	   Their	   averages	   rise	  with	   the	   increasing	  of	  
the	  penetration	  rate	  and	  the	  variances	  are	  remarkable	  large	  in	  all	  cases.	  
	  
On	  the	  other	  hand,	  as	  it	  can	  be	  observed	  in	  the	  graphs	  of	  trajectories	  in	  the	  intersections	  the	  
quantity	  of	  detected	  points	   is	  higher	  than	  other	  places.	  This	  may	  be	  due	  to	  two	  aspects:	   the	  
first	  one	   is	   related	  to	  the	   fact	   that	   intersections	  are	  controlled	  by	  traffic	   lights	  and	  often	  the	  
vehicles	   have	   to	   stop.	   In	   these	   situations,	   they	   are	   detected	   more	   than	   once	   in	   the	   same	  
position	  during	  the	  time	  of	  the	  red	  light.	  The	  second	  one	  is	  because	  of	  the	  Bluetooth	  range;	  in	  
these	  positions	  vehicles	  are	  not	  only	  detected	  by	  the	  FCO	  located	  in	  their	  direction	  but	  also	  by	  
FCO	  driving	  on	  other	  branches	  due	  to	  their	  proximity.	  
It	  should	  be	  noted	  that	  the	  in	  many	  cases	  when	  one	  vehicle	  is	  detected	  more	  than	  once	  in	  the	  
same	  location	  in	  the	  graphs	  cannot	  be	  realised	  that,	  since	  these	  points	  are	  superimposed.	  
	  
To	  conclude,	  trajectories	  of	  vehicles	  with	  all	  the	  studied	  penetration	  rates	  are	  possible	  
to	  be	  obtained;	  obviously	  with	  a	  higher	  percentage	  of	  FCO	  more	  accurate	  and	  detailed	  are	  the	  
routes	  as	  there	  are	  more	  detected	  points.	  	  
As	   the	  simulated	  area	   is	   small	  and	   it	  has	  not	  complex	  geometry,	  describing	  the	   itineraries	  of	  
the	  vehicles	  with	  a	  few	  detected	  points	  is	  simple.	  
	  
	  
5.2	  TRAVEL	  TIME	  
	  
	   Travel	   time	   is	   a	   key	   factor	   of	   the	   road	   network	   operation,	   for	   this	   reason	   traffic	  
management	   centres	   aim	   to	   determinate	   it	   as	   precise	   as	   possible.	   Information	   that	   can	   be	  
extracted	   from	   this	   variable	   is	   fundamental	   as	   is	   the	   best	   indicator	   of	   the	   current	   level	   of	  
service	  and	  also	  for	  setting	  operational	  policies.	  
In	   addition,	   its	   importance	   is	   also	   consequence	   as	   this	   parameter	   is	   the	  worthiest	   from	   the	  
road	  users;	  they	  often	  take	  decision	  on	  their	  routes	  depending	  on	  this.	  
	  
In	  this	  section	  is	  introduced	  the	  methodology	  to	  calculate	  travel	  times	  from	  the	  data	  collected	  
from	  FCO-­‐BT	  and	  an	  analysis	  of	  their	  miscalculations	  is	  carried	  out.	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5.2.1	  Determination	  of	  travel	  times	  
	  
First	   of	   all	   should	   be	   noted,	   that	   due	   to	   the	   wide	   range	   of	   possible	   paths	   in	   the	  
simulated	  area	  and	  the	  presence	  of	  traffic	  lights	  at	  crossroads,	  travel	  times	  present	  a	  notable	  
variability.	   For	   this	   reason,	   it	   has	   been	   agreed	   that	   for	   their	   analysis	   the	   stretch	   of	   Kurt-­‐
Wolters-­‐Straβe	  will	   be	   only	   considered.	   This	   straight	   section	   has	   only	   a	   traffic	   light	   and	   it	   is	  
possible	  to	  draw	  consistent	  conclusions.	  
	  
With	  the	  data	  provided	  by	  the	  simulation	  program	  in	  the	  files,	  the	  procedure	  to	  follow	  
in	  order	  to	  obtain	  the	  time	  that	  the	  road	  users	  need	  to	  cross	  all	   the	  stretch	  of	  Kurt-­‐Wolters-­‐	  
Straβe	  is	  the	  following:	  
At	   first	   it	  has	   to	  be	  determined	   the	   travelled	  distances,	  which	  can	  be	  obtained	   the	  detected	  
distances	  by	  applying	  the	  Pythagorean	  theorem.	  Displacements	  in	  the	  axis	  x	  and	  axis	  y	  can	  be	  
calculated	  with	  the	  initial	  and	  final	  detected	  coordinates,	  these	  are	  provided	  in	  the	  file	  of	  data	  
regarding	  detected	  vehicles.	  
As	  in	  the	  most	  of	  the	  cases	  vehicles	  were	  not	  detected	  exactly	  at	  the	  starting	  or	  ending	  points	  
of	   this	   stretch,	   the	   travel	   time	   is	   not	   the	   interval	   between	   the	   first	   and	   the	   last	   detection,	  
unless	   it	   is	  need	  to	  extrapolate	   the	  detected	  distance	  and	  the	  detected	   interval	  of	   time	  with	  
the	   total	   street	   length.	   Despite	   the	   length	   in	   each	  way	   of	   the	   street	   is	   slightly	   different;	   to	  
simplify	   the	   analysis	   it	   has	   been	   accepted	   to	   use	   the	   same	  distance	   for	   each	   one.	   The	   used	  
length	  is	  the	  mean	  of	  all	  the	  real	  travelled	  distances	  provided	  in	  the	  file	  concerning	  BT	  vehicles,	  
its	  value	  is	  429	  m.	  
	  
An	  example	  is	  shown	  to	  a	  better	  understanding	  of	  this	  procedure.	  The	  following	  table	  
contains	  the	  required	  information	  of	  vehicles	  to	  determine	  their	  travel	  time.	  
	  
Vehicle	  ID	   1410	  
Position	  1	   	  	  
Time	  t1	  (sec)	   989	  
Coordinate	  x1	  (m)	   495,44	  
Coordinate	  y1	  (m)	   7582,98	  
Position	  2	   	  	  
Time	  t2	  (sec)	   1018	  
Coordinate	  x2	  (m)	   863,59	  
Coordinate	  y2	  (m)	   7383,07	  
Table	  5.2:	  Simulation’s	  data	  of	  the	  vehicle	  ID	  1410	  –	  Penetration	  rate	  60%	  	  	  
In	  the	  table	  5.3	  are	  showed	  the	  steps	  of	  the	  procedure,	  as	  explained	  before,	  displacements	  in	  
axis	  x	  and	  y	  are	  calculated	  in	  order	  to	  determine	  the	  travelled	  distance.	  And	  then	  is	  obtained	  
the	  travel	  time	  by	  the	  extrapolation	  of	  the	  detected	  travel	  time	  to	  the	  total	  distance.	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   Formula	   Value	  
Displacement	  dx	  (m)	   |x2-­‐x1|	   368,147	  
Displacement	  dy	  (m)	   |y2-­‐y1|	   199,915	  
Travelled	  distance	  (m)	   𝑑𝑥! + 𝑑𝑦!	   418,92	  
Travel	  time	  (sec)	   𝒕𝟐 − 𝒕𝟏 · 𝟒𝟐𝟗𝑻𝒓𝒂𝒗𝒆𝒍𝒍𝒆𝒅  𝒅𝒊𝒔𝒕𝒂𝒏𝒄𝒆	   29,70	  
Table	  5.3:	  Example	  of	  travel	  time	  calculation	  	  
5.2.2	  Error	  analysis	  of	  travel	  times	  
	  
An	   important	   aspect	   to	   take	   into	   account	   is	   the	   reliability	   of	   the	   method,	   for	   this	  
reason	  in	  this	  section	  are	  analysed	  the	  differences	  between	  the	  calculated	  travel	  times	  and	  the	  
real	  ones.	  	  
	  
On	  the	  one	  hand,	  the	  travel	  time	  for	  all	  the	  vehicles	  detected	  in	  the	  section	  of	  Kurt-­‐Wolters-­‐
Straβe	  has	  been	  calculated.	  The	  followed	  procedure	   is	  the	  same	  as	  explained	  in	  the	  previous	  
section.	  	  
On	   the	   other	   hand,	   the	   real	   travel	   times	   for	   these	   vehicles	   have	   been	   obtained.	   This	  
determination	   is	   possible	   as	   the	   simulation	   program	   provides	   the	   necessary	   data	   in	   the	   file	  
regarding	  data	   from	  BT	  vehicles.	  This	   file	  contains	   the	  positions	  and	  other	  characteristics	   for	  
each	   second	   of	   the	   simulation.	   Therefore,	   it	   is	   possible	   to	   know	   the	   first	   instant	   when	   the	  
detected	   vehicle	  was	   in	   this	   stretch,	   and	  also	   the	   last	   instant.	   Then,	   the	  difference	  between	  
these	  times	  is	  the	  real	  travel	  time.	  
The	  absolute	  error	   is	   the	  difference	  between	  the	  real	  and	  the	  calculated	  time.	  All	   the	  values	  
can	  be	  found	  in	  the	  annex’s	  section	  A.2.1.	  	  
Firstly	   a	   boxplot	  with	   all	   the	   calculated	   errors	   has	   been	   elaborated,	   and	   it	   has	   been	  
observed	   that	   there	   are	   some	   vehicles,	  which	   their	   errors	  were	   very	   high	   unlike	   the	   others.	  
Their	  origin	  has	  been	  sought	  out	  and,	  as	  it	  can	  be	  seen	  in	  the	  table	  5.4,	  all	  the	  cases	  are	  from	  
the	  first	  collected	  travel	  times,	  since	  the	  simulation	  time	  1	  is	  200.	  
	  
Penetration	  
rate	   Vehicle	  ID	  
Simulation	  
time	  1	  (sec)	  
Real	  travelled	  
distance	  (m)	  
Real	  travel	  
time	  (sec)	  
Calculated	  travel	  
time	  (sec)	  
Ttreal	  -­‐	  Ttcalculated	  
(sec)	  
40%	  
200	   200	   196,14	   72,00	   157,26	   -­‐83,09	  
218	   200	   187,09	   19,00	   39,14	   -­‐19,60	  
246	   200	   266,94	   75,00	   122,22	   -­‐45,53	  
60%	  
136	   200	   217,91	   15,00	   29,90	   -­‐14,49	  
225	   200	   330,06	   83,00	   109,39	   -­‐24,88	  
80%	   142	   200	   6,84	   43,00	   2734,03	   -­‐2653,32	  
100%	  
171	   200	   13,86	   53,00	   195,21	   -­‐143,21	  
177	   200	   71,86	   12,00	   61,54	   -­‐48,69	  
193	   200	   29,39	   4,00	   59,21	   -­‐54,40	  
Table	  5.4:	  Characteristics	  from	  dismissed	  vehicles	  
	  
The	  results	  of	  the	  simulation	  begin	  to	  be	  recorded	  from	  the	  second	  200,	  thus	  all	  the	  log	  files	  
only	  contain	  data	  after	  this	  time.	  The	  problem	  is	  that	  when	  calculating	  the	  error	  as:	  real	  travel	  
time	   minus	   calculated	   travel	   time,	   these	   two	   times	   are	   not	   referred	   to	   the	   same	   travelled	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distance.	  As	  the	  calculated	  has	  been	  extrapolated	  to	  all	  the	  length	  of	  the	  stretch	  and	  the	  real	  
time	  is	  only	  the	  part	  of	  the	  journey,	  which	  took	  place	  after	  the	  200	  seconds.	  
	  
Despised	  these	  values	  the	  same	  graphs	  have	  been	  carried	  out	  again,	  resulting:	  
	  
	  
Figure	  5.6:	  Boxplot	  of	  travel	  time	  errors	  with	  outliers	  
	  
	  
Figure	  5.7:	  Boxplot	  of	  travel	  time	  errors	  without	  outliers	  
	  
Concerning	  the	  boxplots	  with	  outliers,	   it	  can	  be	  seen	  that	  the	  amount	  and	  also	  the	  values	  of	  
these	  points	  are	  clearly	  higher	  in	  the	  penetration	  rate	  of	  20%,	  followed	  by	  the	  40%,	  although	  
the	   last	   one	   only	   presents	   slight	   differences	  with	   the	   60%,	   80%	   and	   100%,	  which	   present	   a	  
similar	  amount	  of	  outliers	  and	  their	  values	  are	  below	  11	  seconds.	  	  
Regarding	   the	  boxplots	  without	  outliers,	   it	   can	  be	  observed	   that	   increasing	   the	   level	  of	  FCO,	  
the	  size	  of	  the	  box	  and	  the	  whiskers	  decreases.	  Therefore,	  the	  dispersion	  of	  the	  absolute	  error	  
is	   lower	   for	  high	   rates.	   In	   the	  case	  of	  20%	  the	  maximum	  error	   is	  3,26	  seconds,	   for	  40%	  2,03	  
seconds	  and	   for	   the	  other	   three	   less	   than	   two	  seconds.	  As	   it	  was	  expected,	   the	  highest	   rate	  
obtains	  the	  lowest	  errors,	  thus	  more	  precise	  travel	  times.	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Furthermore,	   the	   fact	   that	   all	   the	   medians	   are	   positive	   means	   that	   the	   miscalculations	   in	  
deficit	  predominate,	  i.e.,	  the	  calculated	  travel	  time	  is	  lower	  than	  the	  real	  one.	  
Concerning	  the	  mean,	  the	  closest	  average	  travel	  time	  to	  the	  real	  one	  are	  the	  rates	  of	  40%	  and	  
100%,	  while	  the	  highest	  mean	  error	  is	  obtained	  with	  the	  20%.	  
It	   is	   important	   to	   note	   that	   some	   of	   these	   errors	   can	   be	   due	   to	   the	   approximation	   of	   the	  
stretch´s	  longitude,	  as	  has	  been	  used	  the	  mean	  and	  this	  can	  differ	  from	  the	  travelled	  distance,	  
depending	  on	  the	  path	  of	   the	  vehicle.	  However,	   the	  comparison	  between	  the	  calculations	  of	  
each	  penetration	  rates	  can	  be	  done,	  as	  this	  error	  may	  be	  present	  in	  all	  of	  them.	  
	  
The	  main	  conclusion	  that	  can	  be	  drawn	  is	  the	  clear	  difference	  between	  the	  penetration	  
rate	   of	   20%	   and	   the	   rest.	   For	   these,	   the	   calculated	   travel	   times	   are	   more	   accurate	   by	   the	  
increasing	  of	  the	  presence	  of	  FCO	  vehicles.	  This	  result	  was	  expected,	  as	  a	  higher	  penetration	  
rate	  a	  larger	  amount	  of	  detected	  points	  along	  journey,	  then	  the	  required	  extrapolation	  to	  the	  
whole	  stretch	  is	  shorter	  and	  the	  probability	  of	  error	  decreases.	  
	  
5.3	  TRAFFIC	  CONDITIONS	  
	  
	   Data	  collected	  by	  means	  of	  FCO-­‐BT	  aims	  to	  facilitate	  the	  traffic	  authorities	  to	  manage	  
the	  road	  network	  and	  the	  description	  of	  the	  traffic	  conditions	  is	  fundamental.	  For	  this	  reason,	  
in	  this	  section	  is	  explained	  the	  procedure	  to	  determine	  the	  traffic	  state	  from	  the	  information	  of	  
the	  travel	  time.	  At	  first	  is	  presented	  the	  statistical	  analysis	  with	  which	  is	  possible	  to	  know	  the	  
time	  interval	  that	  has	  to	  be	  considered	  to	  describe	  the	  traffic	  condition	  in	  the	  whole	  simulation.	  
The	  next	  subsection	  deals	  with	  the	  description	  of	  the	  traffic.	  
	  
5.3.1	  Statistical	  analysis	  
	  
Sampling	  refers	  to	  the	  estimation	  of	  the	  characteristics	  of	  a	  whole	  population	  from	  the	  
observation	   of	   a	   selected	   subset	   of	   this.	   Due	   to	   the	   large	   amount	   of	   population	   data,	   it	   is	  
impractical	   or	   impossible	   to	   process	   all	   of	   them,	   for	   this	   reason,	   a	   representative	   and	  
manageable	   sample	  has	   to	  be	   chosen.	   The	  determination	  of	   the	  number	  of	   elements	   in	   the	  
sample,	   called	   the	  sample	  size,	   is	   remarkably	   important	   to	  get	   right	  conclusions.	  On	   the	  one	  
hand,	  to	  avoid	  small	  quantities	  that	  can	  lead	  to	  inaccurate	  results	  and,	  in	  the	  other	  hand,	  too	  
large	  samples,	  this	  can	  suppose	  a	  waste	  of	  money,	  time	  and	  resources.	  
	  
In	   this	  project,	  a	   sample	  of	   the	  population	   is	   considered	   the	  detected	   travel	   times	  during	  an	  
interval	  of	  time.	  This	  population	  corresponds	  to	  all	  detected	  travel	  times	  in	  the	  stretch	  of	  Kurt-­‐
Wolters-­‐Straβe	  during	   the	  whole	  simulation	   time	  of	  3600	  seconds.	  To	  determine	   the	  sample	  
size,	   as	   the	   population	   size	   is	   known,	   the	   concept	   of	   confidence	   interval	   is	   used;	   this	   is	   a	  
measure	  of	  the	  reliability	  of	  an	  estimate.	  The	  mean	  of	  the	  sample	  is	  𝑥,	  which	  is	  an	  estimator	  of	  
μ,	   the	  population's	  mean.	  The	  value	  of	  μ	   can	  be	  delimited	   in	   the	  confidence	   interval,	  within	  
which	  can	  be	  guaranteed	  that	  contains	  the	  true	  value	  of	  the	  parameter	  with	  a	  fixed	  minimum	  
probability.	  This	  probability	  is	  called	  the	  confidence	  level	  and	  is	  indicated	  as	  1-­‐α	  [22].	  
The	  sample	  estimation	  is	  performed	  using	  the	  t-­‐Student	  distribution:	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𝑛 ≥    𝑡! · 𝑁 · ν!𝑡! · ν! + 𝑁 − 1 · 𝑒!!	  
	  
t	   is	   the	   value	   of	   the	   t-­‐Student	   distribution	   for	   a	   given	   probability	   1-­‐α.	   Its	   values	   are	  
tabulated	   according	   to	   this	   probability.	   In	   this	   project	   is	   considered	   an	   acceptable	  
relative	  error	  of	  5%	  and	  t	  takes	  the	  value	  of	  1,96.	  
N	  is	  the	  population’s	  number	  of	  elements	  
ν	  is	  the	  population’s	  coefficient	  of	  variation	  
er	  is	  the	  allowable	  relative	  error	  of	  the	  estimating	  mean	  	  
n	  is	  the	  required	  sample	  size	  
	  
The	  coefficient	  of	  variation	  is	  the	  ratio	  of	  the	  standard	  deviation	  over	  the	  mean:	  
	   ν =   𝜎𝜇	  
	  
The	  standard	  deviation	  of	  the	  estimated	  mean	  is	  calculated	  as:	  
	  
𝜎 =    1𝑛 − 1 · (𝑥! − 𝑥)!!!!! 	  
	  
xi	  are	  the	  individual	  values	  of	  travel	  times	  𝑥	  is	  the	  average	  of	  the	  travel	  times	  
	   	  
	  
The	  idea	  is	  to	  find	  for	  all	  the	  penetration	  rates	  the	  fraction	  of	  the	  simulation	  time,	  which	  
is	  representative	  of	  the	  whole	  simulation,	  as	  the	  amount	  of	  calculated	  travel	  times	  in	  this	  time	  
interval	   is	   bigger	   or	   equal	   than	   the	   required	   sample	   size	   n,	   described	   above.	   As	  mentioned	  
before,	   this	   enables	   an	   efficient	   analysis	  without	   requiring	   the	   consideration	   of	   all	   the	   data	  
collected.	  
	  
At	  first,	  the	  rate	  of	  100%	  during	   interval	  times	  of	  10	  minutes	  has	  been	  considered.	  Following	  
the	   explained	   procedure	   in	   section	   5.2.1,	   travel	   times	   within	   each	   interval	   have	   been	  
determined,	  and	  then	  it	  has	  been	  proceeded	  with	  the	  statistical	  methodology	  explained	  above.	  
Resulting	  that	  the	  required	  sample	  size	  n	  are	  larger	  than	  the	  amount	  of	  travel	  times	  contained	  
in	  these	  intervals,	  as	  can	  be	  seen	  in	  the	  table	  5.5.	  For	  this	  reason,	  with	  these	  intervals	  the	  3600	  
seconds	  of	   the	   simulation	   cannot	  be	   represented.	  Then,	   longer	   intervals	  of	  20	  minutes	  have	  
been	   considered.	   However,	   the	   results	   were	   similar;	   an	   interval	   of	   this	   duration	   does	   not	  
contain	  enough	  data	  to	  be	  representative	  of	  the	  whole	  simulation	  data.	  	  
It	  has	  been	  calculated	  until	  an	  interval	  of	  45	  minutes,	  which	  is	  the	  first	  on	  to	  fulfil	  the	  condition.	  	  
Therefore,	  it	  can	  be	  proved	  by	  statistic	  method	  that	  this	  interval	  of	  45	  minutes	  is	  sufficient	  to	  
represent	  the	  whole	  hour	  of	  simulation	  with	  a	  level	  of	  confidence	  of	  95%.	  
	  
In	  the	  annex’s	  table	  A.10	  is	  showed	  the	  whole	  procedure	  of	  this	  interval.	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10	  min	  
Required	  sample	  size	   n	  ≥	  97,62	   n	  ≥	  82,02	   n	  ≥	  82,12	  
Number	  of	  travel	  times	   17	   21	   18	  
20	  min	  
Required	  sample	  size	   n	  ≥	  86,19	   n	  ≥	  84,05	   n	  ≥	  86,10	  
Number	  of	  travel	  times	   46	   36	   41	  
30	  min	  
Required	  sample	  size	   n	  ≥	  83,37	   n	  ≥	  84,73	   	  	  
Number	  of	  travel	  times	   56	   67	   	  	  
40	  min	  
Required	  sample	  size	   n	  ≥	  83,26	   	  	   	  	  
Number	  of	  travel	  times	   80	   	  	   	  	  
45	  min	  
Required	  sample	  size	   n	  ≥	  84,03	   	  	   	  	  
Number	  of	  travel	  times	   90	   	  	   	  	  
Table	  5.5:	  Sample	  size	  determination	  for	  penetration	  rate	  of	  100%	  
	  
For	  the	  other	  rates	  is	  carried	  out	  the	  same	  statistical	  procedure,	  but	  in	  these	  is	  decided	  to	  start	  
from	  60	  minutes	  and	  decreasing,	  as	   it	   is	  expected	  to	  require	   larger	   intervals	   than	  the	  one	  of	  
100%.	  The	  obtained	  results	  are	  shown	  in	  the	  table	  5.6.	  	  
	  
	   	   20%	   40%	   60%	   80%	  
40	  min	  
Required	  sample	  size	   n	  ≥	  93,33	   n	  ≥	  83,22	   n	  ≥	  	  94,59	   n	  ≥	  84,44	  
Number	  of	  travel	  times	   85	   78	   89	   76	  
45	  min	  
Required	  sample	  size	   n	  ≥	  91,16	   n	  ≥	  83,83	   n	  ≥	  89,61	   n	  ≥	  84,48	  
Number	  of	  travel	  times	   99	   86	   93	   89	  
50	  min	  
Required	  sample	  size	   n	  ≥	  90,78	   n	  ≥	  	  83,35	   n	  ≥	  94,37	   n	  ≥	  84,79	  
Number	  of	  travel	  times	   106	   93	   108	   95	  
60	  min	  
Required	  sample	  size	   n	  ≥	  90,00	   n	  ≥	  	  88,19	   n	  ≥	  91,85	   n	  ≥	  84,80	  
Number	  of	  travel	  times	   115	   114	   126	   113	  
Table	  5.6:	  Sample	  size	  determination	  for	  penetration	  rates	  of	  80%,	  60%,	  40%	  and	  20%	  
	  
As	   it	   can	   be	   observed	   in	   these	   the	   levels	   of	   equipment,	   at	   least	   45	  minutes	   to	   describe	   the	  
overall	   situation	   has	   to	   be	   considered,	   as	   these	   are	   the	   minimum	   intervals	   in	   which	   the	  
required	  sample	  size	  is	  smaller	  than	  the	  number	  of	  travel	  times	  contained	  in	  one	  interval.	  
The	  calculation	  tables	  of	  the	  interval	  of	  45	  minutes	  for	  each	  penetration	  rate	  can	  be	  found	  in	  
the	  section’s	  annex	  A.3.	  
	  
It	  has	  been	  proved,	  that	  for	  all	  the	  penetration	  rates	  is	  required	  to	  process	  intervals	  of	  time	  of	  
45	  minutes	  to	  analyse	  the	  whole	  hour	  of	  simulation	  with	  an	  allowed	  error	  of	  5%.	  As	   in	  these	  
intervals	  the	  number	  of	  calculated	  travel	  times	  is	  higher	  than	  the	  required	  sample.	  
	  	  
5.3.2	  Determination	  of	  the	  traffic	  conditions	  	  
To	  describe	  the	  traffic	  conditions	  on	  the	  basis	  of	  the	  obtained	  results	  are	  distinguished	  
three	  possible	  states,	  defined	  in	  function	  of	  the	  travel	  time,	  which	  need	  the	  users	  to	  cross	  the	  
area.	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To	  make	  the	  decision	  of	  the	  thresholds	  of	  each	  traffic	  condition,	  the	  Level	  Of	  Service	  (LOS)	  for	  
intersections	   has	   been	   consulted.	   This	   is	   a	   qualitative	   measure	   to	   describe	   the	   operation	  
conditions	  of	  an	  intersection	  as	  function	  of	  the	  average	  vehicle	  control	  delay	  [9].	  Despite	  LOS	  
describe	  six	  levels	  of	  service,	  from	  A	  to	  F,	  as	  mentioned	  before,	  in	  this	  thesis	  is	  considered	  only	  
three	  rates:	  free	  flowing	  traffic,	  partly	  constrained	  traffic	  and	  constrained	  traffic.	  
	  
Their	  definitions	  are:	  
• Free	   flowing	   traffic:	   includes	   levels	   A	   and	   B	   from	   LOS.	   The	   average	   delay	   up	   to	   20	  
seconds	  per	  vehicle;	  some	  of	  them	  can	  be	  in	  the	  green	  wave,	  whereas	  others	  have	  to	  
stop	  due	  to	  red	  light	  [9].	  
• Partly	   constrained	   traffic:	   includes	   levels	  C	   and	  D.	  Delays	   increase	  up	   to	  55	   seconds,	  
most	  vehicles	  have	  to	  stop	  because	  of	  the	  traffic	   lights,	  and	  there	  is	  the	  possibility	  of	  
queue	  in	  these	  [9].	  
• Constrained	  traffic:	  includes	  level	  E	  and	  F.	  It	  describes	  driving	  conditions	  in	  which	  the	  
number	  of	  vehicles	  arriving	  at	  the	  intersection	  exceeds	  the	  capacity	  of	  the	  intersection,	  
there	  are	  long	  queues;	  in	  this	  level	  is	  considered	  an	  average	  delay	  up	  to	  80	  seconds	  [9].	  
	  
Applying	  these	  criteria,	  the	  considered	  thresholds	  for	  each	  traffic	  condition	  are:	  
	  
	  	   	  	   Travel	  time	  (sec)	  
Freely	  flowing	  traffic	   tt	  ≤	  51	  
Partly	  constrained	  traffic	   51	  <	  tt	  ≤	  86	  
Constrained	  traffic	   tt	  >	  86	  
Table	  5.7:	  Travel	  time	  thresholds	  for	  each	  traffic	  state	  
	  
Fixed	  the	  thresholds	  and	  with	  the	  travel	  times	  of	  the	  sample	  obtained	  by	  the	  statistical	  analysis	  
is	   carried	   out	   the	   figure	   5.8	   to	   illustrate	   the	   traffic	   conditions.	   In	   this	   is	   indicated	   for	   each	  
penetration	  rate	  the	  percentage	  of	  time	  that	  takes	  each	  situation.	  
	  
It	   should	  be	  noted	  that	  as	   it	  has	  not	  been	  distinguished	  between	  the	  two	  directions	  of	  Kurt-­‐
Wolters-­‐Straβe,	  the	  conclusions	  regarding	  traffic	  conditions	  are	  referred	  to	  both.	  
	  
 
Figure	  5.8:	  Determined	  traffic	  conditions	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By	  the	  observation	  of	  this	  graph	  can	  be	  concluded	  that	  the	  traffic	  conditions	  in	  the	  simulated	  
interval	   is	   mostly	   freely	   flowing	   traffic	   regardless	   the	   penetration	   rates.	   In	   all	   cases	   the	  
percentage	  of	  time	  for	  this	  level	  are	  between	  62%	  and	  82%.	  However,	  there	  are	  some	  delayed	  
vehicles,	  whose	  percentage	  is	  widely	  lower	  than	  the	  predominant	  condition.	  
 
On	  the	  other	  hand,	  as	  explained	   in	   the	  section	  5.2.1,	   it	  has	  been	  statistically	  proved	  with	  an	  
accuracy	  of	  95%	  that	  at	  least	  45	  minutes	  has	  to	  be	  evaluated	  to	  obtain	  a	  representative	  mean	  
of	  all	  travel	  times	  provided	  by	  the	  simulation	  during	  the	  3600	  seconds.	  In	  this	  way,	  the	  traffic	  
state	  can	  be	  also	  concluded	  from	  the	  mean	  values,	  which	  are	  shown	  in	  the	  following	  table.	  
	  
Penetration	  rate	   Mean	  travel	  time	  (sec)	  
20%	   48,22	  
40%	   49,21	  
60%	   44,22	  
80%	   51,96	  
100%	   46,51	  
Table	  5.8:	  Mean	  travel	  times	  
	  
As	   expected,	   the	   conclusions	   that	   can	   be	   drawn	   are	   the	   same	   in	   both	   cases;	   the	   traffic	  
condition	  in	  this	  area	  at	  the	  simulated	  interval	  is	  freely	  flowing	  traffic	  for	  both	  ways.	  
	  
Another	  important	  conclusion	  is	  that	  even	  though	  there	  are	  differences	  between	  penetration	  
rates	   and	   their	   percentages	   of	   each	   condition,	   the	   concluded	   traffic	   state	   is	   the	   same.	   This	  
means	   that	   the	   levels	   of	   equipment,	   which	   has	   been	   taken	   into	   account,	   lead	   to	   the	   same	  
result.	   Therefore	   is	   not	   need	   a	   high	   presence	   of	   FCO	   vehicles	   in	   the	   road	   network	   if	  with	   a	  
lower	  amount	  is	  concluded	  the	  same	  results.	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6	  CONCLUSIONS	  
	  
	   Floating	  Car	  Observer	  based	  on	  Bluetooth	  has	  been	  presented	  as	  a	  potential	  approach	  
of	  moving	   observation	   in	   order	   to	   collect	   traffic	   data	   of	   the	   secondary	   road	   network	   at	   low	  
cost.	  	  
	  
The	  FCO	  method	  enables	   the	  observation	  of	   the	  oncoming	  traffic.	  This	   is	  a	  key	   factor,	  which	  
increases	   the	   amount	   of	   acquired	   information,	   as	   all	   the	   surrounding	   environment	   of	   the	  
measuring	   vehicles	   is	   observed.	   Using	   Bluetooth	   as	   sensor	   technology	   in	   floating	   cars	   is	  
possible	  to	  determine	  current	  data,	  which	  can	  be	  processed	  to	  travel	  times,	  trajectories,	  O-­‐D	  
matrices	   and	   the	   traffic	   conditions,	   leading	   to	   an	   efficient	   traffic	  management.	  Moreover,	   it	  
has	   been	   suggested	   a	   procedure	   for	   determining	   the	   traffic	   state	   from	   the	  MAC	   addresses	  
provided	   by	   Bluetooth,	   tagged	   in	   time-­‐stamps	   and	   coordinates.	   The	   fact	   that	   the	   chosen	  
wireless	   technology	   uses	   a	   unique	   code	   for	   each	   device,	   allows	   the	   identification	   and	   re-­‐
identification	   of	   objects,	   which	   is	   a	   fundamental	   aspect	   for	   vehicle	   tracking	   and	   for	   the	  
acquisition	  of	  information	  along	  its	  journey.	  
	  
To	   analyze	   the	   feasibility	   of	   the	   FCO-­‐BT	   in	   urban	   roads,	   simulations	   in	   function	   of	   the	  
penetration	   rate	   have	   been	   performed.	   By	  means	   of	   these,	   it	  was	   possible	   to	   approach	   the	  
performance	  of	  the	  method	  in	  the	  chosen	  location	  with	  its	  specific	  traffic	  characteristics.	  
On	  the	  one	  hand,	  regarding	  trajectories	  and	  the	  calculation	  of	  travel	  times,	  the	  results	  reveal	  
the	   possibility	   to	   trace	   the	   vehicles	   paths,	   as	   well	   as	   to	   calculate	   travel	   times	   by	   the	   data	  
detected	  for	  each	  penetration	  rates.	  However,	  it	  is	  important	  to	  note	  that	  the	  accuracy	  of	  both	  
increases	  with	  the	  level	  of	  equipment.	  
On	   the	   other	   hand,	   with	   the	   statistic	   determination	   of	   the	   interval	   of	   time	   that	   has	   to	   be	  
considered	  for	  the	  reliably	  description	  of	  the	  traffic	  state,	  it	  has	  been	  proved	  that	  this	  interval	  
is	  the	  same	  for	  all	  the	  studied	  penetration	  rates,	  concretely	  of	  45	  minutes.	  That	  means	  that	  a	  
higher	   amount	   of	   FCO	   vehicles	   and,	   therefore,	   a	   major	   investment,	   does	   not	   provide	  
reductions	   in	   the	   time	   interval	   to	   be	   considered.	   Regarding	   the	   description	   of	   the	   traffic	  
conditions,	  the	  results	  show	  that	  there	  are	  no	  remarkable	  differences,	  as	  the	  data	  collected	  for	  
each	  one	  is	  enough,	  in	  terms	  of	  quality	  and	  quantity,	  to	  achieve	  the	  same	  description.	  For	  this	  
reason	  a	   further	   study	   taking	   into	   account	  penetration	   rates	  of	   10%	  and	  5%	   is	   proposed,	   to	  
evaluate	  their	  results	  and	  to	  determine	  the	  necessary	  minimum	  amount	  of	  FCO	  driving	  on	  the	  
road.	  
	  
In	  order	   to	  a	   successfully	   implementation	  of	   the	  FCO-­‐BT	   in	   the	   road	  network,	   future	  
studies	   going	   beyond	   the	   restrictions	   imposed	   in	   this	   thesis	   are	   proposed,	   apart	   from	   the	  
already	  mentioned	  dealing	  with	  the	  penetration	  rate.	  
	  
• Concerning	  the	  time	  slot	   in	   this	   thesis	  has	  been	  taken	   into	  account	  one	  hour,	  but	  an	  
increase	  of	  the	  duration	  could	  be	  performed,	  as	  it	  could	  be	  the	  assessment	  throughout	  
the	  day.	  Conclusions	  could	  be	  also	  drawn	  about	  the	  method	  in	  front	  of	  a	  variation	  of	  
the	  traffic	  flow.	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• Regarding	  the	   location,	  on	  the	  one	  hand,	   it	  could	  be	  considered	  a	  bigger	  urban	  area,	  
which	   probably	   would	   present	   a	   greater	   complexity	   in	   its	   geometry	   with	   a	   higher	  
number	  of	  possible	  routes	  that	  may	  lead	  to	  different	  conclusions.	  
On	  the	  other	  hand,	  the	  traffic	  state	  has	  been	  determined	  in	  a	  straight	  section	  leaving	  
out	  major	   intersections,	   discontinuity	   points	   in	   the	   roads	   and	   possible	   focus	   of	   new	  
researches.	  
• The	   composition	   of	   the	   traffic	   is	   influenced	   by	   the	   location	   and	   from	   this	   factor	   the	  
number	   of	   vehicles	   equipped	  with	   Bluetooth	   devices	   depends.	   In	   this	   project	   it	   has	  
been	  considered	   that	  5%	  of	   the	  vehicles	  had	  devices	  with	  activated	  Bluetooth,	  but	  a	  
research	   could	   be	   carried	   out	   to	   analyse	   the	   operation	   of	   FCO-­‐BT	   with	   a	   different	  
percentage.	  
• The	   FCO-­‐BT	  method	   could	   be	   extended	   to	   the	   highway	   network.	   Therefore,	   a	   study	  
could	   be	   managed	   dealing	   with	   the	   feasibility	   of	   this	   implementation,	   since	   the	  
characteristics	  of	  the	  traffic	  flow,	  the	  speed	  or	  intensity,	  are	  markedly	  different.	  
	  
It	   is	  clear	  that	  there	   is	  still	  a	   large	  research	  to	  be	  done	  before	  the	  enactment	  of	  the	  FCO-­‐BT.	  
However,	   in	   this	   thesis,	   the	   potential	   of	   this	   method	   has	   been	   tested	   in	   a	   certain	   urban	  
location,	  where	  accurate	  traffic	  information	  could	  be	  collected.	  Furthermore,	  this	  information	  
can	  be	  processed	  in	  traffic	  centres	  and	  be	  used	  for	  decision-­‐making.	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ANNEX	  
	  
A.1	  TRAJECTORY	  GRAPHS	  
	  
In	  this	  section	  are	  showed	  the	  graphs	  of	  trajectories,	  which	  are	  not	  included	  in	  the	  text	  
of	  this	  project,	  but	  they	  have	  been	  considered	  to	  draw	  the	  respective	  conclusions.	  
The	  first	  graphs	  presented	  are	  those	  for	  the	  level	  of	  equipment	  of	  20%,	  followed	  by	  40%,	  60%,	  
80%	  and	  100%.	  
	  
Penetration	  rate	  of	  20%	  
	  
	  
Figure	  A.1:	  Detected	  trajectory	  of	  the	  vehicle	  389	  -­‐	  Penetration	  rate	  20%	  
	  
	  
	  
Figure	  A.2:	  Detected	  trajectory	  of	  the	  vehicle	  525	  -­‐	  Penetration	  rate	  20%	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Figure	  A.3	  Detected	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  682	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  rate	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Figure	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Figure	  A.5:	  Detected	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  vehicle	  2815	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  Penetration	  rate	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Figure	  A.6:	  Detected	  trajectory	  of	  the	  vehicle	  3720	  -­‐	  Penetration	  rate	  20%	  
	  
	  
	  
Figure	  A.7:	  Detected	  trajectory	  of	  the	  vehicle	  4633	  -­‐	  Penetration	  rate	  20%	  
	  
 
	  
Figure	  A.8:	  Detected	  trajectory	  of	  the	  vehicle	  4723	  -­‐	  Penetration	  rate	  20%	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Figure	  A.9:	  Detected	  trajectory	  of	  the	  vehicle	  5169	  -­‐	  Penetration	  rate	  20%	  
	  
	  
Penetration	  rate	  of	  40%	  
	  
Figure	  A.10:	  Detected	  trajectory	  of	  the	  vehicle	  460	  -­‐	  Penetration	  rate	  40%	  
	  
	  
	  
Figure	  A.11:	  Detected	  trajectory	  of	  the	  vehicle	  600	  -­‐	  Penetration	  rate	  40%	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Figure	  A.12:	  Detected	  trajectory	  of	  the	  vehicle	  703	  -­‐	  Penetration	  rate	  40%	  
	  
	  
	  
Figure	  A.13:	  Detected	  trajectory	  of	  the	  vehicle	  1163	  -­‐	  Penetration	  rate	  40%	  
	  
	  
	  
Figure	  A.14:	  Detected	  trajectory	  of	  the	  vehicle	  1060	  -­‐	  Penetration	  rate	  40%	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Figure	  A.15:	  Detected	  trajectory	  of	  the	  vehicle	  1338	  -­‐	  Penetration	  rate	  40%	  
	  
	  
	  
Figure	  A.16:	  Detected	  trajectory	  of	  the	  vehicle	  1911	  -­‐	  Penetration	  rate	  40%	  
	  
	  
	  
Figure	  A.17:	  Detected	  trajectory	  of	  the	  vehicle	  2288	  -­‐	  Penetration	  rate	  40%	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Figure	  A.18:	  Detected	  trajectory	  of	  the	  vehicle	  3044	  -­‐	  Penetration	  rate	  40%	  
 
Penetration	  rate	  of	  60%	  
	  
Figure	  A.19:	  Detected	  trajectory	  of	  the	  vehicle	  601	  -­‐	  Penetration	  rate	  60%	  
 
 
 
Figure	  A.20:	  Detected	  trajectory	  of	  the	  vehicle	  840	  -­‐	  Penetration	  rate	  60%	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Figure	  A.21:	  Detected	  trajectory	  of	  the	  vehicle	  1140	  -­‐	  Penetration	  rate	  60%	  
	  
	  
	  
Figure	  A.22:	  Detected	  trajectory	  of	  the	  vehicle	  1744	  -­‐	  Penetration	  rate	  60%	  
	  
	  
	  
Figure	  A.23:	  Detected	  trajectory	  of	  the	  vehicle	  2248	  -­‐	  Penetration	  rate	  60%	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Figure	  A.24:	  Detected	  trajectory	  of	  the	  vehicle	  2600	  -­‐	  Penetration	  rate	  60%	  
	  
	  
	  
Figure	  A.25:	  Detected	  trajectory	  of	  the	  vehicle	  3929	  -­‐	  Penetration	  rate	  60%	  
	  
	  
	  
Figure	  A.26:	  Detected	  trajectory	  of	  the	  vehicle	  4056	  -­‐	  Penetration	  rate	  60%	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Figure	  A.27:	  Detected	  trajectory	  of	  the	  vehicle	  4544	  -­‐	  Penetration	  rate	  60%	  
	  
	  
Penetration	  rate	  of	  80%	  
	  
Figure	  A.28:	  Detected	  trajectory	  of	  the	  vehicle	  325	  -­‐	  Penetration	  rate	  80%	  
 
 
 
 
Figure	  A.29:	  Detected	  trajectory	  of	  the	  vehicle	  445	  -­‐	  Penetration	  rate	  80%	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Figure	  A.30:	  Detected	  trajectory	  of	  the	  vehicle	  1005	  -­‐	  Penetration	  rate	  80%	  	  
	  
	  
	  
	  
Figure	  A.31:	  Detected	  trajectory	  of	  the	  vehicle	  1478	  -­‐	  Penetration	  rate	  80%	  
	  
	  
	  
	  
	  
Figure	  A.32:	  Detected	  trajectory	  of	  the	  vehicle	  2098	  -­‐	  Penetration	  rate	  80%	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Figure	  A.33:	  Detected	  trajectory	  of	  the	  vehicle	  3290	  -­‐	  Penetration	  rate	  80%	  
	  
	  
	  
Figure	  A.34:	  Detected	  trajectory	  of	  the	  vehicle	  4588	  -­‐	  Penetration	  rate	  80%	  
	  
	  
	  
Figure	  A.35:	  Detected	  trajectory	  of	  the	  vehicle	  4929	  -­‐	  Penetration	  rate	  80%	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Figure	  A.36:	  Detected	  trajectory	  of	  the	  vehicle	  5307	  -­‐	  Penetration	  rate	  80%	  
	  
	  
Penetration	  rate	  of	  100%	  
	  
Figure	  A.37:	  Detected	  trajectory	  of	  the	  vehicle	  354	  -­‐	  Penetration	  rate	  100%	  	  	  
	  
Figure	  A.38:	  Detected	  trajectory	  of	  the	  vehicle	  421	  -­‐	  Penetration	  rate	  100%	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Figure	  A.39:	  Detected	  trajectory	  of	  the	  vehicle	  688	  -­‐	  Penetration	  rate	  100%	  
	  	  	  
	  
Figure	  A.40:	  Detected	  trajectory	  of	  the	  vehicle	  1300	  -­‐	  Penetration	  rate	  100%	  
 
 
 
	  
	  
Figure	  A.41:	  Detected	  trajectory	  of	  the	  vehicle	  2580	  -­‐	  Penetration	  rate	  100%	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Figure	  A.42:	  Detected	  trajectory	  of	  the	  vehicle	  2963	  -­‐	  Penetration	  rate	  100%	  	  	  	  
	  
Figure	  A.43:	  Detected	  trajectory	  of	  the	  vehicle	  4276	  -­‐	  Penetration	  rate	  100%	  	  	  	  
	  
Figure	  A.44:	  Detected	  trajectory	  of	  the	  vehicle	  4868	  -­‐	  Penetration	  rate	  100%	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Figure	  A.45:	  Detected	  trajectory	  of	  the	  vehicle	  5007	  -­‐	  Penetration	  rate	  100%	  
	  
	  
	  
	   	  
7100	  
7200	  
7300	  
7400	  
7500	  
7600	  
7700	  
7800	  
7900	  
150	   350	   550	   750	   950	   1150	   1350	  
y	  (m)	  
x	  (m)	  
VEHICLE	  ID	  5007	  
4787	   4795	   4822	  
4828	   4842	   4849	  
4853	   4854	   4855	  
4858	   4876	   4878	  
4880	   4881	   4883	  
4884	   4900	   4904	  
4905	   4909	   4914	  
4922	   4924	   4929	  
4936	   4938	   4945	  
4948	   4950	   4953	  
4969	   4970	   4971	  
4973	   4978	   4976	  
4983	   4985	   4995	  
4996	   5000	   5001	  
5009	   5010	   5012	  
5020	   5021	   5022	  
5025	   5026	   5030	  
5032	   5033	   5036	  
5038	   5040	   5041	  
5042	   5043	   5044	  
5048	   5049	   5050	  
5051	   5053	   5056	  
5058	   5059	   5184	  
5182	   5175	   5167	  
5161	   5158	   5148	  
5139	   5134	   5118	  
Analysing	  the	  oncoming	  traffic	  with	  Bluetooth	   72	  
A.2	  MISCALCULATION	  OF	  TRAVEL	  TIME	  
	  
This	   section	   contains	   the	   tables	   that	  have	  been	  carried	  out	   to	   calculate	   the	  absolute	  
error	   of	   the	   travel	   times.	   And	   also	   the	   graphs,	  which	   as	   explained	   in	   the	   section	   5.2.2	   have	  
been	  dismissed	  due	  to	  some	  large	  errors.	  
	  
A.2.1	  Calculation	  tables	  	  
There	  is	  one	  table	  for	  each	  penetration	  rate.	  The	  specified	  parameters	  are:	  
	  
• Vehicle	  ID:	  identification	  number	  of	  the	  vehicle	  with	  Bluetooth	  device	  on	  board	  
• The	  real	  travel	  time	  
• The	  calculated	  travel	  time	  
• ttreal	  -­‐	  ttcalculated:	  the	  absolute	  error	  between	  these	  times	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Penetration	  rate	  of	  20%:	  
	  
Vehicle	  ID	   Real	  travel	  time	  (s)	  
Calculated	  
travel	  time	  (s)	   ttreal	  -­‐	  ttcalculated	  (s)	   Vehicle	  ID	  
Real	  travel	  
time	  (s)	  
Calculated	  
travel	  time	  (s)	   ttreal	  -­‐	  ttcalculated	  (s)	  
203	   41,00	   42,01	   -­‐1,01	   2705	   90,00	   58,52	   31,48	  
285	   40,00	   39,05	   0,95	   2710	   35,00	   36,59	   -­‐1,59	  
444	   93,00	   98,52	   -­‐5,52	   2762	   64,00	   54,49	   9,51	  
489	   33,00	   34,81	   -­‐1,81	   2766	   93,00	   91,70	   1,30	  
682	   84,00	   77,15	   6,85	   2790	   32,00	   32,91	   -­‐0,91	  
741	   33,00	   32,63	   0,37	   2876	   90,00	   90,72	   -­‐0,72	  
749	   31,00	   31,81	   -­‐0,81	   3181	   33,00	   34,56	   -­‐1,56	  
752	   88,00	   81,59	   6,41	   3191	   32,00	   33,06	   -­‐1,06	  
779	   35,00	   30,70	   4,30	   3264	   30,00	   30,40	   -­‐0,40	  
780	   91,00	   102,80	   -­‐11,80	   3282	   33,00	   31,55	   1,45	  
825	   38,00	   37,31	   0,69	   3363	   65,00	   89,85	   -­‐24,85	  
886	   29,00	   29,82	   -­‐0,82	   3426	   30,00	   30,82	   -­‐0,82	  
917	   34,00	   34,85	   -­‐0,85	   3434	   36,00	   36,21	   -­‐0,21	  
924	   34,00	   36,17	   -­‐2,17	   3436	   33,00	   31,87	   1,13	  
1016	   93,00	   122,94	   -­‐29,94	   3465	   36,00	   30,72	   5,28	  
1061	   32,00	   34,19	   -­‐2,19	   3518	   89,00	   91,88	   -­‐2,88	  
1078	   33,00	   33,01	   -­‐0,01	   3583	   36,00	   31,28	   4,72	  
1091	   96,00	   100,08	   -­‐4,08	   3641	   83,00	   83,35	   -­‐0,35	  
1122	   34,00	   33,70	   0,30	   3649	   30,00	   30,75	   -­‐0,75	  
1206	   35,00	   32,53	   2,47	   3726	   27,00	   27,86	   -­‐0,86	  
1208	   36,00	   37,33	   -­‐1,33	   3747	   92,00	   35,02	   56,98	  
1231	   42,00	   43,85	   -­‐1,85	   3820	   39,00	   37,90	   1,10	  
1304	   30,00	   30,31	   -­‐0,31	   3823	   35,00	   33,80	   1,20	  
1365	   34,00	   35,20	   -­‐1,20	   3880	   34,00	   34,83	   -­‐0,83	  
1391	   36,00	   37,12	   -­‐1,12	   3932	   52,00	   52,70	   -­‐0,70	  
1443	   87,00	   88,13	   -­‐1,13	   4008	   31,00	   31,06	   -­‐0,06	  
1475	   56,00	   56,04	   -­‐0,04	   4081	   43,00	   42,92	   0,08	  
1581	   91,00	   99,69	   -­‐8,69	   4088	   98,00	   89,22	   8,78	  
1585	   35,00	   35,58	   -­‐0,58	   4101	   35,00	   34,89	   0,11	  
1602	   48,00	   48,20	   -­‐0,20	   4102	   31,00	   31,92	   -­‐0,92	  
1626	   32,00	   32,54	   -­‐0,54	   4141	   28,00	   28,98	   -­‐0,98	  
1718	   30,00	   28,71	   1,29	   4378	   32,00	   31,68	   0,32	  
1730	   51,00	   51,62	   -­‐0,62	   4436	   34,00	   31,16	   2,84	  
1825	   30,00	   28,84	   1,16	   4442	   32,00	   29,56	   2,44	  
1945	   39,00	   27,26	   11,74	   4465	   89,00	   118,27	   -­‐29,27	  
1947	   34,00	   34,54	   -­‐0,54	   4467	   31,00	   30,29	   0,71	  
2055	   39,00	   39,93	   -­‐0,93	   4508	   38,00	   38,48	   -­‐0,48	  
2077	   36,00	   36,38	   -­‐0,38	   4523	   91,00	   92,00	   -­‐1,00	  
2084	   90,00	   91,22	   -­‐1,22	   4542	   32,00	   31,26	   0,74	  
2097	   52,00	   33,51	   18,49	   4565	   41,00	   33,61	   7,39	  
2119	   101,00	   100,09	   0,91	   4633	   30,00	   29,95	   0,05	  
2140	   33,00	   32,78	   0,22	   4657	   90,00	   100,58	   -­‐10,58	  
2156	   34,00	   28,84	   5,16	   4716	   37,00	   41,71	   -­‐4,71	  
2183	   63,00	   61,48	   1,52	   4723	   83,00	   85,83	   -­‐2,83	  
2236	   95,00	   95,35	   -­‐0,35	   4781	   42,00	   41,71	   0,29	  
2286	   37,00	   33,52	   3,48	   4799	   44,00	   44,48	   -­‐0,48	  
2289	   95,00	   96,43	   -­‐1,43	   4866	   32,00	   32,60	   -­‐0,60	  
2294	   67,00	   70,92	   -­‐3,92	   4911	   46,00	   56,48	   -­‐10,48	  
2311	   94,00	   103,65	   -­‐9,65	   4968	   93,00	   108,51	   -­‐15,51	  
2387	   35,00	   34,85	   0,15	   5106	   84,00	   76,04	   7,96	  
2467	   36,00	   31,15	   4,85	   5200	   33,00	   32,86	   0,14	  
2485	   38,00	   40,94	   -­‐2,94	   5235	   87,00	   80,66	   6,34	  
2508	   32,00	   32,74	   -­‐0,74	   5294	   44,00	   45,37	   -­‐1,37	  
2577	   30,00	   29,80	   0,20	   5511	   49,00	   49,09	   -­‐0,09	  
2585	   36,00	   38,10	   -­‐2,10	   5531	   38,00	   40,11	   -­‐2,11	  
2650	   43,00	   44,18	   -­‐1,18	   5557	   37,00	   40,96	   -­‐3,96	  
2670	   31,00	   31,52	   -­‐0,52	   5621	   50,00	   49,68	   0,32	  
2693	   31,00	   30,88	   0,12	   	   	   	   	  
Table	  A.1:	  Evaluation	  of	  the	  travel	  time	  error	  -­‐	  Penetration	  rate	  20%	  
	  
Analysing	  the	  oncoming	  traffic	  with	  Bluetooth	   74	  
Penetration	  rate	  of	  40%:	  
	  
Vehicle	  ID	   Real	  travel	  time	  (s)	  
Calculated	  
travel	  time	  (s)	   ttreal	  -­‐	  ttcalculated	  (s)	   Vehicle	  ID	  
Real	  travel	  
time	  (s)	  
Calculated	  
travel	  time	  (s)	   ttreal	  -­‐	  ttcalculated	  (s)	  
200	   72,00	   155,09	   -­‐83,09	   2525	   37,00	   34,12	   2,88	  
218	   19,00	   38,60	   -­‐19,60	   2548	   52,00	   51,12	   0,88	  
246	   75,00	   120,53	   -­‐45,53	   2586	   29,00	   29,07	   -­‐0,07	  
370	   92,00	   86,85	   5,15	   2597	   46,00	   45,46	   0,54	  
415	   34,00	   30,81	   3,19	   2620	   64,00	   68,24	   -­‐4,24	  
442	   37,00	   36,53	   0,47	   2639	   37,00	   37,05	   -­‐0,05	  
461	   93,00	   112,85	   -­‐19,85	   2679	   29,00	   29,83	   -­‐0,83	  
520	   31,00	   30,81	   0,19	   2722	   30,00	   30,30	   -­‐0,30	  
541	   37,00	   37,01	   -­‐0,01	   2764	   32,00	   32,74	   -­‐0,74	  
546	   88,00	   88,88	   -­‐0,88	   2837	   68,00	   67,91	   0,09	  
587	   61,00	   61,88	   -­‐0,88	   2855	   92,00	   91,65	   0,35	  
600	   33,00	   32,57	   0,43	   2875	   94,00	   91,57	   2,43	  
603	   30,00	   30,52	   -­‐0,52	   2896	   93,00	   93,80	   -­‐0,80	  
633	   36,00	   36,35	   -­‐0,35	   2928	   61,00	   60,33	   0,67	  
666	   34,00	   35,30	   -­‐1,30	   3018	   35,00	   35,94	   -­‐0,94	  
667	   32,00	   32,14	   -­‐0,14	   3033	   40,00	   39,90	   0,10	  
691	   88,00	   86,83	   1,17	   3044	   43,00	   32,90	   10,10	  
703	   36,00	   33,97	   2,03	   3081	   30,00	   29,51	   0,49	  
714	   37,00	   35,07	   1,93	   3125	   48,00	   44,98	   3,02	  
848	   37,00	   37,02	   -­‐0,02	   3169	   31,00	   32,44	   -­‐1,44	  
861	   32,00	   32,41	   -­‐0,41	   3380	   33,00	   33,68	   -­‐0,68	  
914	   91,00	   84,92	   6,08	   3432	   36,00	   40,54	   -­‐4,54	  
951	   51,00	   52,26	   -­‐1,26	   3551	   39,00	   39,20	   -­‐0,20	  
977	   51,00	   51,69	   -­‐0,69	   3555	   91,00	   86,76	   4,24	  
1041	   29,00	   29,42	   -­‐0,42	   3568	   91,00	   84,65	   6,35	  
1055	   31,00	   31,27	   -­‐0,27	   3620	   90,00	   90,92	   -­‐0,92	  
1064	   74,00	   71,22	   2,78	   3663	   31,00	   31,40	   -­‐0,40	  
1095	   31,00	   30,75	   0,25	   3692	   31,00	   30,84	   0,16	  
1171	   35,00	   34,04	   0,96	   3720	   38,00	   37,31	   0,69	  
1181	   92,00	   90,97	   1,03	   3722	   29,00	   28,85	   0,15	  
1183	   35,00	   35,08	   -­‐0,08	   3878	   53,00	   54,84	   -­‐1,84	  
1302	   38,00	   38,45	   -­‐0,45	   3902	   33,00	   30,33	   2,67	  
1320	   89,00	   90,95	   -­‐1,95	   3931	   38,00	   34,53	   3,47	  
1325	   45,00	   45,45	   -­‐0,45	   3994	   39,00	   32,53	   6,47	  
1328	   47,00	   47,34	   -­‐0,34	   4021	   34,00	   33,90	   0,10	  
1338	   34,00	   33,49	   0,51	   4082	   88,00	   88,37	   -­‐0,37	  
1437	   43,00	   41,89	   1,11	   4276	   58,00	   61,02	   -­‐3,02	  
1441	   42,00	   42,02	   -­‐0,02	   4383	   89,00	   88,34	   0,66	  
1457	   45,00	   43,99	   1,01	   4503	   91,00	   98,87	   -­‐7,87	  
1512	   43,00	   42,09	   0,91	   4508	   35,00	   34,12	   0,88	  
1656	   38,00	   38,02	   -­‐0,02	   4578	   38,00	   38,71	   -­‐0,71	  
1707	   35,00	   34,83	   0,17	   4595	   36,00	   40,18	   -­‐4,18	  
1724	   34,00	   34,16	   -­‐0,16	   4630	   67,00	   67,32	   -­‐0,32	  
1790	   36,00	   36,80	   -­‐0,80	   4687	   39,00	   39,94	   -­‐0,94	  
1816	   31,00	   29,93	   1,07	   4724	   92,00	   91,87	   0,13	  
1886	   91,00	   86,77	   4,23	   4820	   33,00	   31,35	   1,65	  
1889	   44,00	   44,15	   -­‐0,15	   5051	   43,00	   42,71	   0,29	  
1983	   33,00	   33,11	   -­‐0,11	   5072	   43,00	   42,58	   0,42	  
2060	   32,00	   32,43	   -­‐0,43	   5093	   31,00	   31,40	   -­‐0,40	  
2141	   31,00	   30,37	   0,63	   5094	   41,00	   40,87	   0,13	  
2183	   54,00	   53,67	   0,33	   5100	   41,00	   40,88	   0,12	  
2198	   34,00	   32,21	   1,79	   5159	   31,00	   31,35	   -­‐0,35	  
2236	   85,00	   84,47	   0,53	   5348	   36,00	   35,13	   0,87	  
2255	   38,00	   39,58	   -­‐1,58	   5376	   42,00	   42,32	   -­‐0,32	  
2288	   98,00	   107,39	   -­‐9,39	   5442	   40,00	   45,40	   -­‐5,40	  
2417	   41,00	   40,34	   0,66	   5485	   33,00	   32,40	   0,60	  
2429	   53,00	   52,05	   0,95	   5568	   28,00	   27,59	   0,41	  
Table	  A.2:	  Calculation	  of	  the	  travel	  time	  error	  -­‐	  Penetration	  rate	  40%	  
	   	  
Analysing	  the	  oncoming	  traffic	  with	  Bluetooth	   75	  
Penetration	  rate	  of	  60%:	  
Vehicle	  ID	   Real	  travel	  time	  (s)	  
Calculated	  
travel	  time	  (s)	   ttreal	  -­‐	  ttcalculated	  (s)	   Vehicle	  ID	  
Real	  travel	  
time	  (s)	  
Calculated	  
travel	  time	  (s)	   ttreal	  -­‐	  ttcalculated	  (s)	  
136	   15,00	   29,49	   -­‐14,49	   2600	   38,00	   37,56	   0,44	  
225	   83,00	   107,88	   -­‐24,88	   2606	   36,00	   36,67	   -­‐0,67	  
287	   46,00	   47,39	   -­‐1,39	   2689	   33,00	   29,64	   3,36	  
292	   75,00	   73,88	   1,12	   2691	   31,00	   31,38	   -­‐0,38	  
299	   54,00	   53,38	   0,62	   2751	   37,00	   37,13	   -­‐0,13	  
320	   28,00	   28,45	   -­‐0,45	   2766	   91,00	   90,04	   0,96	  
324	   32,00	   32,88	   -­‐0,88	   2864	   31,00	   30,93	   0,07	  
449	   38,00	   37,91	   0,09	   2891	   34,00	   33,64	   0,36	  
466	   30,00	   30,46	   -­‐0,46	   2989	   39,00	   38,16	   0,84	  
526	   34,00	   33,33	   0,67	   3007	   32,00	   30,83	   1,17	  
556	   41,00	   40,59	   0,41	   3027	   37,00	   36,82	   0,18	  
601	   68,00	   73,42	   -­‐5,42	   3051	   92,00	   90,77	   1,23	  
635	   32,00	   31,32	   0,68	   3074	   37,00	   37,60	   -­‐0,60	  
654	   93,00	   91,63	   1,37	   3103	   31,00	   30,90	   0,10	  
668	   39,00	   39,82	   -­‐0,82	   3187	   90,00	   90,11	   -­‐0,11	  
718	   41,00	   39,99	   1,01	   3239	   38,00	   38,37	   -­‐0,37	  
757	   31,00	   31,14	   -­‐0,14	   3255	   67,00	   71,85	   -­‐4,85	  
780	   89,00	   88,14	   0,86	   3291	   32,00	   31,47	   0,53	  
812	   40,00	   39,57	   0,43	   3318	   35,00	   35,29	   -­‐0,29	  
818	   41,00	   42,06	   -­‐1,06	   3369	   34,00	   35,47	   -­‐1,47	  
843	   36,00	   36,64	   -­‐0,64	   3391	   28,00	   28,25	   -­‐0,25	  
928	   90,00	   88,40	   1,60	   3480	   37,00	   37,84	   -­‐0,84	  
931	   31,00	   31,45	   -­‐0,45	   3616	   36,00	   35,13	   0,87	  
977	   51,00	   51,85	   -­‐0,85	   3636	   40,00	   35,97	   4,03	  
1012	   38,00	   36,88	   1,12	   3678	   37,00	   36,03	   0,97	  
1065	   31,00	   31,23	   -­‐0,23	   3943	   33,00	   33,04	   -­‐0,04	  
1100	   37,00	   37,86	   -­‐0,86	   3956	   32,00	   31,18	   0,82	  
1117	   39,00	   39,55	   -­‐0,55	   3987	   79,00	   67,95	   11,05	  
1150	   39,00	   38,32	   0,68	   4053	   31,00	   30,86	   0,14	  
1157	   34,00	   32,89	   1,11	   4079	   89,00	   88,67	   0,33	  
1248	   35,00	   34,58	   0,42	   4102	   34,00	   33,39	   0,61	  
1250	   90,00	   88,57	   1,43	   4150	   35,00	   35,54	   -­‐0,54	  
1308	   43,00	   42,66	   0,34	   4152	   33,00	   32,76	   0,24	  
1312	   90,00	   90,70	   -­‐0,70	   4258	   34,00	   33,62	   0,38	  
1370	   53,00	   54,26	   -­‐1,26	   4296	   88,00	   88,65	   -­‐0,65	  
1394	   32,00	   32,50	   -­‐0,50	   4338	   40,00	   40,65	   -­‐0,65	  
1410	   29,00	   29,70	   -­‐0,70	   4341	   37,00	   36,46	   0,54	  
1446	   34,00	   33,38	   0,62	   4358	   33,00	   33,44	   -­‐0,44	  
1472	   34,00	   31,04	   2,96	   4474	   39,00	   40,17	   -­‐1,17	  
1479	   93,00	   83,60	   9,40	   4535	   33,00	   31,63	   1,37	  
1539	   40,00	   38,66	   1,34	   4597	   34,00	   33,34	   0,66	  
1619	   98,00	   99,31	   -­‐1,31	   4639	   37,00	   37,32	   -­‐0,32	  
1667	   41,00	   40,60	   0,40	   4809	   46,00	   45,58	   0,42	  
1695	   49,00	   48,82	   0,18	   4847	   31,00	   30,56	   0,44	  
1704	   29,00	   29,33	   -­‐0,33	   4870	   36,00	   34,53	   1,47	  
1754	   34,00	   34,27	   -­‐0,27	   4893	   37,00	   37,28	   -­‐0,28	  
1786	   35,00	   35,67	   -­‐0,67	   4912	   107,00	   108,03	   -­‐1,03	  
1840	   36,00	   36,73	   -­‐0,73	   4974	   34,00	   34,77	   -­‐0,77	  
1889	   37,00	   36,80	   0,20	   5026	   38,00	   38,57	   -­‐0,57	  
1906	   34,00	   34,35	   -­‐0,35	   5041	   37,00	   36,23	   0,77	  
1977	   44,00	   44,54	   -­‐0,54	   5062	   85,00	   84,65	   0,35	  
2025	   33,00	   32,61	   0,39	   5142	   31,00	   30,59	   0,41	  
2096	   40,00	   42,21	   -­‐2,21	   5258	   74,00	   73,94	   0,06	  
2152	   32,00	   31,72	   0,28	   5260	   28,00	   28,87	   -­‐0,87	  
2180	   32,00	   32,14	   -­‐0,14	   5313	   31,00	   29,48	   1,52	  
2198	   29,00	   29,34	   -­‐0,34	   5319	   33,00	   32,79	   0,21	  
2248	   41,00	   41,35	   -­‐0,35	   5352	   90,00	   87,44	   2,56	  
2297	   45,00	   44,91	   0,09	   5411	   28,00	   28,20	   -­‐0,20	  
2333	   94,00	   90,38	   3,62	   5429	   50,00	   50,49	   -­‐0,49	  
2408	   43,00	   42,85	   0,15	   5439	   27,00	   28,14	   -­‐1,14	  
2437	   97,00	   95,56	   1,44	   5453	   33,00	   33,88	   -­‐0,88	  
2542	   35,00	   32,77	   2,23	   5566	   31,00	   30,49	   0,51	  
2596	   34,00	   31,85	   2,15	   5613	   31,00	   31,24	   -­‐0,24	  
Table	  A.3:	  Calculation	  of	  the	  travel	  time	  error	  -­‐	  Penetration	  rate	  60%	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Penetration	  rate	  of	  80%:	  
	  
Vehicle	  ID	   Real	  travel	  time	  (s)	  
Calculated	  
travel	  time	  (s)	   ttreal	  -­‐	  ttcalculated	  (s)	   Vehicle	  ID	  
Real	  travel	  
time	  (s)	  
Calculated	  
travel	  time	  (s)	   ttreal	  -­‐	  ttcalculated	  (s)	  
142	   43,00	   2696,32	   -­‐2653,32	   2904	   42,00	   40,96	   1,04	  
196	   40,00	   40,28	   0,28	   2907	   92,00	   85,15	   6,85	  
207	   38,00	   37,75	   -­‐0,25	   2956	   92,00	   92,60	   -­‐0,60	  
226	   32,00	   32,44	   0,44	   2965	   93,00	   85,61	   7,39	  
246	   32,00	   31,56	   -­‐0,44	   3102	   33,00	   33,50	   -­‐0,50	  
261	   39,00	   37,81	   -­‐1,19	   3131	   54,00	   50,09	   3,91	  
417	   33,00	   32,31	   -­‐0,69	   3137	   89,00	   87,71	   1,29	  
456	   36,00	   36,27	   0,27	   3214	   65,00	   66,52	   -­‐1,52	  
552	   30,00	   29,94	   -­‐0,06	   3268	   32,00	   31,79	   0,21	  
612	   51,00	   50,21	   -­‐0,79	   3323	   32,00	   32,14	   -­‐0,14	  
624	   34,00	   30,99	   -­‐3,01	   3375	   70,00	   65,64	   4,36	  
732	   38,00	   37,84	   -­‐0,16	   3480	   100,00	   99,86	   0,14	  
738	   27,00	   27,40	   0,40	   3486	   33,00	   33,78	   -­‐0,78	  
764	   31,00	   31,28	   0,28	   3568	   89,00	   88,87	   0,13	  
768	   33,00	   33,06	   0,06	   3605	   36,00	   36,59	   -­‐0,59	  
845	   65,00	   65,16	   0,16	   3638	   34,00	   33,49	   0,51	  
894	   88,00	   87,04	   -­‐0,96	   3676	   62,00	   62,37	   -­‐0,37	  
933	   31,00	   30,87	   -­‐0,13	   3713	   36,00	   36,06	   -­‐0,06	  
958	   39,00	   30,39	   -­‐8,61	   3718	   30,00	   30,47	   -­‐0,47	  
1001	   57,00	   60,41	   3,41	   3778	   27,00	   27,36	   -­‐0,36	  
1028	   45,00	   44,89	   -­‐0,11	   3785	   35,00	   34,34	   0,66	  
1069	   35,00	   35,16	   0,16	   3833	   30,00	   30,30	   -­‐0,30	  
1093	   33,00	   33,21	   0,21	   3868	   38,00	   37,46	   0,54	  
1166	   43,00	   42,82	   -­‐0,18	   3960	   30,00	   30,08	   -­‐0,08	  
1191	   39,00	   36,84	   -­‐2,16	   3992	   34,00	   33,73	   0,27	  
1225	   45,00	   44,86	   -­‐0,14	   3995	   60,00	   60,72	   -­‐0,72	  
1244	   65,00	   65,06	   0,06	   4075	   33,00	   32,74	   0,26	  
1312	   34,00	   33,41	   -­‐0,59	   4174	   90,00	   88,63	   1,37	  
1358	   29,00	   29,50	   0,50	   4207	   32,00	   31,71	   0,29	  
1397	   91,00	   89,24	   -­‐1,76	   4231	   36,00	   36,12	   -­‐0,12	  
1399	   89,00	   89,68	   0,68	   4422	   90,00	   86,03	   3,97	  
1464	   34,00	   30,86	   -­‐3,14	   4425	   32,00	   32,10	   -­‐0,10	  
1478	   64,00	   66,54	   2,54	   4523	   90,00	   89,82	   0,18	  
1481	   64,00	   64,91	   0,91	   4545	   90,00	   89,29	   0,71	  
1599	   93,00	   94,57	   1,57	   4556	   41,00	   41,69	   -­‐0,69	  
1772	   73,00	   72,64	   -­‐0,36	   4562	   89,00	   89,29	   -­‐0,29	  
1774	   36,00	   35,09	   -­‐0,91	   4594	   35,00	   35,43	   -­‐0,43	  
1777	   33,00	   33,48	   0,48	   4621	   38,00	   38,75	   -­‐0,75	  
1826	   37,00	   36,31	   -­‐0,69	   4635	   75,00	   63,44	   11,56	  
1839	   37,00	   36,42	   -­‐0,58	   4653	   92,00	   92,60	   -­‐0,60	  
1940	   33,00	   32,69	   -­‐0,31	   4728	   32,00	   32,43	   -­‐0,43	  
2038	   90,00	   88,82	   -­‐1,18	   4821	   34,00	   32,31	   1,69	  
2055	   38,00	   37,79	   -­‐0,21	   4835	   45,00	   45,01	   -­‐0,01	  
2065	   34,00	   33,02	   -­‐0,98	   5040	   33,00	   32,00	   1,00	  
2090	   34,00	   33,95	   -­‐0,05	   5063	   29,00	   29,14	   -­‐0,14	  
2151	   33,00	   33,11	   0,11	   5142	   89,00	   88,66	   0,34	  
2188	   64,00	   64,42	   0,42	   5231	   31,00	   29,01	   1,99	  
2359	   102,00	   102,31	   0,31	   5333	   38,00	   37,94	   0,06	  
2361	   36,00	   35,65	   -­‐0,35	   5355	   35,00	   35,76	   -­‐0,76	  
2606	   30,00	   30,65	   0,65	   5362	   29,00	   28,85	   0,15	  
2624	   94,00	   93,13	   -­‐0,87	   5427	   32,00	   32,66	   -­‐0,66	  
2642	   53,00	   53,39	   0,39	   5430	   90,00	   89,25	   0,75	  
2709	   38,00	   38,51	   0,51	   5450	   31,00	   30,13	   0,87	  
2749	   31,00	   30,82	   -­‐0,18	   5453	   42,00	   41,73	   0,27	  
2756	   94,00	   98,83	   4,83	   5459	   40,00	   39,65	   0,35	  
2789	   38,00	   35,53	   -­‐2,47	   5477	   40,00	   39,51	   0,49	  
2842	   85,00	   85,39	   0,39	  
	   	   	   	  Table	  A.4:	  Calculation	  of	  the	  travel	  time	  error	  -­‐	  Penetration	  rate	  80%	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Penetration	  rate	  of	  100%:	  
	  
Vehicle	  ID	   Real	  travel	  time	  (s)	  
Calculated	  
travel	  time	  (s)	   ttreal	  -­‐	  ttcalculated	  (s)	   Vehicle	  ID	  
Real	  travel	  
time	  (s)	  
Calculated	  
travel	  time	  (s)	   ttreal	  -­‐	  ttcalculated	  (s)	  
171	   53,00	   196,21	   -­‐143,21	   2272	   76,00	   75,05	   0,95	  
177	   12,00	   60,69	   -­‐48,69	   2284	   43,00	   42,94	   0,06	  
193	   4,00	   58,40	   -­‐54,40	   2470	   95,00	   93,63	   1,37	  
203	   41,00	   41,21	   -­‐0,21	   2471	   29,00	   29,39	   -­‐0,39	  
236	   32,00	   32,15	   -­‐0,15	   2491	   34,00	   33,67	   0,33	  
248	   36,00	   36,48	   -­‐0,48	   2580	   32,00	   31,43	   0,57	  
285	   35,00	   35,12	   -­‐0,12	   2600	   45,00	   44,88	   0,12	  
290	   112,00	   113,29	   -­‐1,29	   2601	   63,00	   68,45	   -­‐5,45	  
331	   34,00	   34,48	   -­‐0,48	   2617	   31,00	   31,29	   -­‐0,29	  
343	   44,00	   44,17	   -­‐0,17	   2623	   93,00	   92,95	   0,05	  
355	   32,00	   32,49	   -­‐0,49	   2634	   35,00	   34,98	   0,02	  
371	   50,00	   52,04	   -­‐2,04	   2690	   41,00	   42,05	   -­‐1,05	  
408	   36,00	   35,72	   0,28	   2757	   29,00	   29,17	   -­‐0,17	  
433	   32,00	   31,88	   0,12	   2758	   77,00	   75,81	   1,19	  
439	   32,00	   31,97	   0,03	   2871	   54,00	   54,25	   -­‐0,25	  
460	   92,00	   90,84	   1,16	   2903	   34,00	   33,68	   0,32	  
533	   34,00	   33,93	   0,07	   2958	   45,00	   45,45	   -­‐0,45	  
575	   93,00	   91,92	   1,08	   2980	   30,00	   30,43	   -­‐0,43	  
676	   91,00	   89,05	   1,95	   2995	   37,00	   36,80	   0,20	  
679	   37,00	   36,68	   0,32	   3046	   83,00	   82,66	   0,34	  
688	   28,00	   28,59	   -­‐0,59	   3186	   39,00	   38,87	   0,13	  
690	   33,00	   32,12	   0,88	   3215	   32,00	   31,72	   0,28	  
768	   32,00	   32,44	   -­‐0,44	   3223	   75,00	   74,66	   0,34	  
801	   88,00	   88,74	   -­‐0,74	   3231	   30,00	   30,23	   -­‐0,23	  
807	   33,00	   33,34	   -­‐0,34	   3253	   31,00	   31,25	   -­‐0,25	  
865	   38,00	   37,03	   0,97	   3403	   93,00	   92,28	   0,72	  
872	   33,00	   31,44	   1,56	   3553	   90,00	   90,61	   -­‐0,61	  
887	   35,00	   34,80	   0,20	   3582	   28,00	   27,30	   0,70	  
950	   34,00	   34,02	   -­‐0,02	   3655	   35,00	   34,45	   0,55	  
980	   31,00	   30,80	   0,20	   3711	   37,00	   37,00	   0,00	  
1012	   35,00	   34,16	   0,84	   3830	   55,00	   54,84	   0,16	  
1044	   37,00	   36,93	   0,07	   3925	   31,00	   31,21	   -­‐0,21	  
1074	   32,00	   31,73	   0,27	   3977	   29,00	   28,94	   0,06	  
1081	   33,00	   32,66	   0,34	   4019	   32,00	   32,34	   -­‐0,34	  
1190	   31,00	   30,88	   0,12	   4050	   78,00	   74,08	   3,92	  
1198	   53,00	   45,61	   7,39	   4055	   32,00	   31,13	   0,87	  
1253	   41,00	   41,53	   -­‐0,53	   4100	   39,00	   37,82	   1,18	  
1264	   92,00	   91,88	   0,12	   4161	   53,00	   51,77	   1,23	  
1411	   44,00	   42,97	   1,03	   4259	   52,00	   51,75	   0,25	  
1424	   89,00	   89,58	   -­‐0,58	   4276	   35,00	   35,37	   -­‐0,37	  
1446	   33,00	   33,30	   -­‐0,30	   4313	   32,00	   32,09	   -­‐0,09	  
1481	   35,00	   35,07	   -­‐0,07	   4316	   28,00	   28,73	   -­‐0,73	  
1505	   31,00	   31,48	   -­‐0,48	   4321	   90,00	   89,06	   0,94	  
1506	   31,00	   32,80	   -­‐1,80	   4409	   31,00	   31,50	   -­‐0,50	  
1508	   41,00	   40,68	   0,32	   4440	   31,00	   31,18	   -­‐0,18	  
1658	   33,00	   32,89	   0,11	   4489	   32,00	   32,10	   -­‐0,10	  
1684	   89,00	   87,38	   1,62	   4527	   93,00	   91,01	   1,99	  
1710	   32,00	   31,29	   0,71	   4577	   33,00	   33,23	   -­‐0,23	  
1793	   33,00	   32,77	   0,23	   4605	   40,00	   39,73	   0,27	  
1826	   89,00	   87,42	   1,58	   4647	   43,00	   43,11	   -­‐0,11	  
1875	   39,00	   38,54	   0,46	   4676	   51,00	   50,79	   0,21	  
1916	   51,00	   50,33	   0,67	   4868	   103,00	   103,40	   -­‐0,40	  
1990	   90,00	   89,55	   0,45	   4907	   31,00	   30,92	   0,08	  
2092	   35,00	   34,97	   0,03	   5007	   36,00	   37,13	   -­‐1,13	  
2125	   41,00	   41,07	   -­‐0,07	   5009	   41,00	   41,26	   -­‐0,26	  
2126	   33,00	   32,56	   0,44	   5501	   103,00	   102,12	   0,88	  
2174	   37,00	   37,69	   -­‐0,69	  
	   	   	   	  Table	  A.5:	  Calculation	  of	  the	  travel	  time	  error	  -­‐	  Penetration	  rate	  100%	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A.2.2	  Dismissed	  boxplots	  
	  
	   The	  following	  graphs	  are	  the	  ones	  obtained	  taking	  into	  account	  all	  the	  detected	  travel	  
times	  in	  the	  stretch	  of	  Kurt-­‐Walters-­‐Straβe.	  From	  the	  observation	  of	  them	  the	  first	  dismissed	  
errors	  have	  been	  detected.	  The	  first	  boxplot	  includes	  outliers	  unlike	  the	  second	  one.	  
	  
	  
Figure	  A.46:	  Dismissed	  boxplot	  of	  travel	  times’	  errors	  with	  outliers	  	  
	  
Figure	  A.47:	  Dismissed	  boxplot	  of	  travel	  times’	  errors	  without	  outliers	  
	  
It	  should	  be	  noted	  that	  the	  point	  of	  80%,	  which	  the	  absolute	  error	  was	  -­‐2653,32	  seconds,	  has	  
been	  replaced	  for	  -­‐65	  seconds,	  as	  it	  was	  not	  possible	  to	  analyse	  the	  graph	  with	  this	  high	  time.	  
With	   the	  same	  criteria,	   the	   time	  of	   -­‐83,09	  seconds	   from	  40%,	  and	   the	   -­‐142,21	  seconds	   from	  
the	  100%	  have	  been	  also	  replaced.	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A.3	  STATISTIC	  CHARTS	  
	  
	   This	   section	   contains	   the	   table	   for	   each	   penetration	   rate	   that	   has	   been	   elaborated	  
following	  the	  statistical	  analysis	  explained	  in	  the	  section	  5.3.2.	  
The	  detailed	  parameters	  in	  the	  tables	  are:	  
	  
• Vehicle	  ID:	  identification	  number	  of	  the	  BT	  vehicle	  
• Simulation	   time	  1:	   the	   instant	  of	   time	   in	  which	   takes	  place	   the	   first	  detection	  of	   the	  
vehicle	  in	  the	  studied	  stretch.	  
• Simulation	   time	  2:	   the	   instant	  of	   time	   in	  which	   takes	  place	   the	   last	   detection	  of	   the	  
vehicle	  in	  the	  studied	  stretch.	  
• x1	  and	  y1:	  the	  coordinates,	  where	  the	  BT	  vehicle	  was	  detected	  for	  the	  first	  time	  in	  the	  
considered	  section.	  
• x2	  and	  y2:	  the	  coordinates,	  where	  the	  BT	  vehicle	  was	  detected	  for	  the	  last	  time	  in	  the	  
considered	  section.	  
• dx:	  detected	  displacement	  of	   the	  vehicle	   in	   the	  axis	   x,	   for	  purposes	  of	   calculation	   is:	  
|x2-­‐x1|	  
• dy:	  detected	  displacement	  of	   the	  vehicle	   in	   the	  axis	  y,	   for	  purposes	  of	   calculation	   is:	  
|y2-­‐y1|	  
• Travelled	  distance:	  the	  length	  of	  the	  journey	  between	  the	  first	  and	  last	  detection,	  for	  
purposes	  of	  calculation	  is:	   𝑑𝑥! + 𝑑𝑦!	  
• Travel	   time	   tt:	   is	   the	   time	   that	   detected	   vehicles	   need	   to	   drive	   through	   the	   studied	  
stretch.	   This	   time	   results	   from	   the	   extrapolation	   of	   the	   detected	   travel	   time	   to	   the	  
total	   length	   of	   the	   street.	   For	   purposes	   of	   calculation	   the	   travel	   time	   is:	  𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑  𝑡𝑟𝑎𝑣𝑒𝑙  𝑡𝑖𝑚𝑒 · !"#$"%!  !"#$%&'()!"#$%&&%'  !"#$%&'(.	  
It	  should	  be	  noted	  that	  the	  detected	  travel	  time	  is:	  Simulation	  time	  2	  –	  Simulation	  time	  
1.	  And	  the	  stretch	  longitude	  is	  429	  m.	  
• (tt	  -­‐	  𝑥)2:	  parameter	  required	  to	  calculate	  standard	  deviation	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Penetration	  rate	  20%:	  
	  
Vehicle	  
ID	  
Simulation	  
time	  1	  (s)	  
Simulation	  
time	  2	  (s)	   x1	  (m)	   y1	  (m)	   x2	  (m)	   y2	  (m)	  
Travelled	  
distance	  
(m)	  
dx	  (m)	   dy	  (m)	   Travel	  time	  tt	  (s)	  
(tt-­‐𝒙)2	  
741	   544	   572	   846,90	   7410,49	   518,59	   7588,17	   373,31	   328,31	   177,68	   32,18	   257,27	  
749	   547	   577	   492,48	   7583,73	   853,75	   7389,31	   410,26	   361,27	   194,42	   31,37	   283,81	  
752	   563	   644	   489,19	   7584,56	   869,26	   7379,47	   431,88	   380,07	   205,10	   80,46	   1039,68	  
779	   567	   587	   883,19	   7391,38	   644,70	   7544,42	   283,37	   238,48	   153,05	   30,28	   321,77	  
780	   570	   657	   551,18	   7561,81	   869,02	   7376,07	   368,14	   317,85	   185,75	   101,38	   2826,55	  
825	   628	   652	   495,30	   7579,67	   748,00	   7459,50	   279,82	   252,71	   120,17	   36,79	   130,46	  
886	   661	   688	   876,83	   7391,81	   535,22	   7587,95	   393,92	   341,62	   196,13	   29,40	   353,89	  
917	   643	   675	   482,81	   7582,83	   837,68	   7399,50	   399,43	   354,87	   183,33	   34,37	   191,75	  
924	   646	   670	   487,64	   7581,60	   748,86	   7458,83	   288,63	   261,22	   122,77	   35,67	   157,38	  
1016	   769	   851	   619,03	   7538,84	   862,13	   7380,44	   290,15	   243,10	   158,41	   121,24	   5332,39	  
1061	   757	   761	   697,70	   7500,07	   739,01	   7470,35	   50,89	   41,31	   29,72	   33,72	   210,17	  
1078	   843	   875	   875,51	   7393,98	   501,98	   7589,78	   421,73	   373,52	   195,80	   32,55	   245,40	  
1091	   768	   863	   508,54	   7579,66	   868,10	   7376,65	   412,91	   359,56	   203,01	   98,70	   2548,74	  
1122	   849	   871	   606,69	   7547,21	   845,97	   7394,25	   284,00	   239,29	   152,97	   33,23	   224,53	  
1206	   864	   885	   876,61	   7391,96	   640,11	   7543,36	   280,81	   236,50	   151,40	   32,08	   260,32	  
1208	   866	   902	   874,30	   7393,40	   508,15	   7598,11	   419,50	   366,16	   204,72	   36,82	   129,99	  
1231	   842	   864	   662,49	   7518,40	   841,48	   7393,54	   218,24	   179,00	   124,85	   43,25	   24,71	  
1304	   1036	   1065	   880,21	   7389,93	   516,44	   7592,22	   416,24	   363,78	   202,29	   29,89	   335,89	  
1365	   959	   992	   877,05	   7395,22	   519,48	   7591,30	   407,80	   357,56	   196,08	   34,72	   182,27	  
1391	   942	   977	   489,35	   7584,53	   851,00	   7391,06	   410,14	   361,65	   193,47	   36,61	   134,74	  
1443	   971	   1053	   488,13	   7581,48	   845,31	   7391,11	   404,74	   357,18	   190,36	   86,91	   1497,48	  
1475	   978	   1034	   882,10	   7388,52	   502,27	   7599,88	   434,67	   379,82	   211,36	   55,27	   49,74	  
1581	   1076	   1151	   546,73	   7563,17	   830,65	   7400,42	   327,26	   283,92	   162,75	   98,32	   2510,00	  
1585	   1049	   1084	   486,82	   7581,81	   863,81	   7379,37	   427,91	   376,99	   202,44	   35,09	   172,33	  
1602	   1076	   1124	   883,88	   7387,41	   504,12	   7595,93	   433,24	   379,75	   208,52	   47,53	   0,47	  
1626	   1157	   1188	   492,87	   7583,63	   857,58	   7386,88	   414,40	   364,72	   196,75	   32,09	   260,01	  
1718	   1150	   1171	   881,56	   7389,18	   612,94	   7559,64	   318,14	   268,62	   170,46	   28,32	   395,97	  
1730	   1207	   1258	   884,66	   7389,80	   508,67	   7597,96	   429,76	   375,99	   208,16	   50,91	   7,25	  
1825	   1271	   1280	   719,98	   7499,97	   600,26	   7563,93	   135,73	   119,72	   63,96	   28,45	   390,88	  
1945	   1423	   1424	   488,92	   7584,63	   504,39	   7580,72	   15,96	   15,47	   3,92	   26,88	   455,06	  
1947	   1340	   1374	   878,12	   7391,15	   503,90	   7599,39	   428,25	   374,22	   208,24	   34,06	   200,43	  
2055	   1429	   1466	   494,43	   7579,89	   849,27	   7388,60	   403,12	   354,84	   191,29	   39,38	   78,16	  
2077	   1432	   1466	   489,67	   7584,44	   848,22	   7392,82	   406,54	   358,55	   191,62	   35,88	   152,24	  
2084	   1370	   1459	   488,90	   7583,76	   861,62	   7380,76	   424,41	   372,72	   202,99	   89,96	   1742,64	  
2097	   1372	   1396	   485,22	   7583,09	   767,35	   7450,87	   311,57	   282,13	   132,23	   33,05	   230,18	  
2119	   1458	   1559	   482,76	   7586,20	   869,82	   7379,11	   438,97	   387,05	   207,09	   98,71	   2549,13	  
2140	   1441	   1473	   875,00	   7394,29	   503,24	   7599,59	   424,68	   371,76	   205,31	   32,33	   252,53	  
2156	   1438	   1439	   492,22	   7583,80	   506,84	   7580,09	   15,08	   14,62	   3,70	   28,44	   391,04	  
2183	   1417	   1476	   878,52	   7394,08	   510,26	   7590,68	   417,45	   368,26	   196,60	   60,63	   154,14	  
2236	   1471	   1566	   488,95	   7581,27	   871,69	   7377,93	   433,39	   382,73	   203,34	   94,04	   2099,47	  
2286	   1558	   1578	   517,67	   7573,77	   749,94	   7457,98	   259,54	   232,28	   115,80	   33,06	   229,78	  
2289	   1559	   1650	   508,36	   7576,35	   867,29	   7377,16	   410,50	   358,93	   199,19	   95,10	   2198,13	  
2294	   1492	   1556	   864,43	   7399,56	   522,69	   7592,76	   392,57	   341,74	   193,20	   69,94	   471,84	  
2311	   1567	   1651	   545,13	   7563,66	   850,63	   7387,74	   352,53	   305,49	   175,92	   102,22	   2916,55	  
2387	   1556	   1577	   529,16	   7569,19	   762,70	   7450,19	   262,11	   233,54	   119,00	   34,37	   191,72	  
2467	   1652	   1676	   871,55	   7395,16	   585,06	   7569,16	   335,19	   286,49	   174,00	   30,72	   306,26	  
2485	   1643	   1676	   489,16	   7584,57	   800,77	   7423,84	   350,62	   311,61	   160,73	   40,38	   61,47	  
2508	   1662	   1682	   875,93	   7395,92	   652,88	   7540,35	   265,73	   223,05	   144,43	   32,29	   253,70	  
2577	   1741	   1768	   883,81	   7387,87	   542,01	   7584,03	   394,09	   341,80	   196,16	   29,39	   354,39	  
2585	   1678	   1711	   868,54	   7400,53	   538,39	   7582,11	   376,79	   330,15	   181,58	   37,57	   113,30	  
2650	   1732	   1774	   493,97	   7583,35	   857,79	   7386,74	   413,55	   363,82	   196,61	   43,57	   21,60	  
2670	   1757	   1781	   490,10	   7580,98	   785,34	   7430,90	   331,19	   295,23	   150,08	   31,09	   293,40	  
2693	   1760	   1791	   490,12	   7584,32	   874,11	   7376,39	   436,67	   383,99	   207,93	   30,46	   315,47	  
2705	   1769	   1813	   589,92	   7549,82	   867,58	   7376,98	   327,07	   277,67	   172,84	   57,71	   90,18	  
2710	   1773	   1805	   839,38	   7418,71	   502,93	   7596,29	   380,43	   336,45	   177,58	   36,09	   147,17	  
2762	   1857	   1911	   481,81	   7583,09	   865,05	   7385,69	   431,09	   383,24	   197,40	   53,74	   30,48	  
2766	   1859	   1951	   485,79	   7585,43	   868,80	   7376,21	   436,43	   383,01	   209,22	   90,43	   1782,32	  
2790	   1832	   1863	   491,07	   7580,73	   853,42	   7389,52	   409,70	   362,34	   191,21	   32,46	   248,26	  
2876	   1875	   1965	   489,04	   7584,60	   868,85	   7379,73	   431,53	   379,80	   204,87	   89,47	   1701,94	  
3181	   2084	   2104	   747,11	   7482,08	   518,77	   7588,09	   251,75	   228,35	   106,00	   34,08	   199,81	  
3191	   2173	   2183	   718,43	   7482,73	   825,46	   7406,16	   131,60	   107,03	   76,57	   32,60	   243,90	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3264	   2160	   2184	   509,34	   7579,46	   811,57	   7416,43	   343,40	   302,24	   163,03	   29,98	   332,50	  
3282	   2170	   2179	   864,70	   7399,39	   761,56	   7468,38	   124,09	   103,14	   -­‐68,99	   31,11	   292,50	  
3363	   2191	   2242	   881,56	   7392,39	   675,19	   7527,94	   246,90	   206,37	   135,55	   88,61	   1632,00	  
3426	   2248	   2271	   587,91	   7553,59	   863,99	   7382,81	   324,63	   276,08	   170,78	   30,39	   317,63	  
3434	   2254	   2284	   822,79	   7429,60	   503,20	   7596,21	   360,41	   319,59	   166,60	   35,71	   156,43	  
3436	   2249	   2273	   581,87	   7552,33	   862,71	   7383,63	   327,62	   280,84	   168,70	   31,43	   281,90	  
3465	   2271	   2286	   881,42	   7392,48	   704,34	   7509,73	   212,38	   177,08	   117,25	   30,30	   321,04	  
3518	   2290	   2379	   872,50	   7394,53	   502,61	   7596,38	   421,38	   369,88	   201,86	   90,61	   1797,18	  
3583	   2464	   2466	   832,08	   7403,06	   855,57	   7388,16	   27,82	   23,49	   14,90	   30,84	   301,81	  
3641	   2376	   2459	   491,30	   7580,68	   873,48	   7376,79	   433,17	   382,19	   203,89	   82,20	   1154,92	  
3649	   2436	   2465	   879,97	   7390,07	   523,75	   7593,44	   410,19	   356,22	   203,37	   30,33	   319,93	  
3726	   2464	   2478	   874,82	   7393,07	   692,45	   7513,62	   218,61	   182,37	   120,55	   27,47	   430,29	  
3747	   2476	   2494	   675,53	   7510,62	   858,78	   7382,57	   223,56	   183,25	   128,05	   34,54	   187,01	  
3820	   2549	   2574	   613,08	   7541,30	   854,07	   7385,55	   286,94	   240,99	   155,75	   37,38	   117,48	  
3823	   2549	   2568	   607,78	   7546,76	   813,73	   7414,95	   244,51	   205,94	   131,80	   33,34	   221,44	  
3880	   2545	   2578	   871,50	   7396,45	   508,25	   7591,22	   412,17	   363,24	   194,77	   34,35	   192,35	  
3932	   2604	   2656	   885,04	   7389,56	   509,62	   7597,67	   429,25	   375,42	   208,11	   51,97	   14,09	  
4008	   2659	   2687	   488,72	   7581,33	   835,19	   7397,54	   392,20	   346,47	   183,79	   30,63	   309,39	  
4081	   2723	   2766	   483,50	   7582,66	   867,70	   7376,91	   435,82	   384,20	   205,75	   42,33	   34,69	  
4088	   2663	   2745	   483,13	   7579,70	   838,08	   7395,70	   399,81	   354,95	   184,00	   87,99	   1581,65	  
4101	   2744	   2776	   854,03	   7406,05	   504,85	   7599,11	   399,00	   349,18	   193,07	   34,41	   190,74	  
4102	   2673	   2688	   877,11	   7395,18	   705,51	   7506,31	   204,44	   171,60	   111,13	   31,48	   280,24	  
4141	   2756	   2783	   508,16	   7576,40	   862,65	   7380,11	   405,21	   354,49	   196,29	   28,59	   385,40	  
4378	   2845	   2877	   482,76	   7586,21	   870,12	   7378,92	   439,33	   387,35	   207,29	   31,25	   287,95	  
4436	   2973	   2981	   708,21	   7489,86	   797,33	   7422,56	   111,68	   89,12	   67,30	   30,73	   305,74	  
4442	   2882	   2887	   862,43	   7400,81	   800,89	   7441,15	   73,59	   61,54	   40,34	   29,15	   363,55	  
4465	   2944	   3014	   656,97	   7525,15	   870,94	   7381,95	   257,47	   213,97	   143,20	   116,64	   4681,19	  
4467	   2941	   2970	   883,57	   7387,97	   520,00	   7591,14	   416,48	   363,57	   203,17	   29,87	   336,55	  
4508	   2948	   2968	   609,73	   7545,95	   798,60	   7421,69	   226,08	   188,87	   124,26	   37,95	   105,38	  
4523	   2967	   3058	   489,28	   7581,19	   867,91	   7376,77	   430,29	   378,63	   204,41	   90,73	   1807,20	  
4542	   2980	   2994	   724,27	   7497,31	   548,71	   7581,72	   194,80	   175,56	   84,41	   30,83	   302,24	  
4565	   3065	   3066	   859,17	   7382,32	   870,10	   7375,38	   12,94	   10,93	   6,94	   33,14	   227,16	  
4633	   3041	   3068	   874,72	   7393,23	   535,14	   7589,40	   392,17	   339,58	   196,16	   29,54	   348,98	  
4657	   3067	   3153	   546,83	   7566,28	   868,67	   7379,84	   371,94	   321,84	   186,44	   99,19	   2598,57	  
4716	   3140	   3161	   674,21	   7511,45	   853,62	   7385,84	   219,02	   179,42	   125,61	   41,13	   50,17	  
4723	   3079	   3160	   501,03	   7581,62	   859,75	   7381,95	   410,54	   358,72	   199,67	   84,64	   1326,79	  
4781	   3149	   3177	   605,27	   7547,81	   851,44	   7390,78	   291,99	   246,17	   157,03	   41,14	   50,11	  
4799	   3150	   3179	   590,63	   7550,56	   831,08	   7400,14	   283,62	   240,45	   150,41	   43,87	   18,93	  
	   	   	   	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	   Σ((tt	  -­‐	  x)2)	   64615,67	   	   	  
	   	   	   	   	   	   𝑥	   48,22	   	   	  
	   	   Street	  longitude	  (m)	   429	   	   	   N	   115,00	   	   	  
	   	   t	   1,96	   	   	   σ	   25,68	   	   	  
	   	   Relative	  error	   0,05	   	   	   ν	   0,53	   	   	  
	   	   	   	   	   	   	   n	   91,16	   	   	  
	   	  
Table	  A.6:	  Statistical	  analysis	  -­‐	  Penetration	  rate	  20%	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Penetration	  rate	  40%:	  
	  
Vehicle	  
ID	  
Simulation	  
time	  1	  (s)	  
Simulation	  
time	  2	  (s)	   x1	  (m)	   y1	  (m)	   x2	  (m)	   y2	  (m)	  
Travelled	  
distance	  
(m)	  
dx	  (m)	   dy	  (m)	   Travel	  time	  tt	  (s)	  
(tt-­‐𝒙)2	  
703	   557	   577	   660,96	   7522,77	   869,02	   7379,62	   252,55	   208,06	   143,15	   33,97	   232,14	  
714	   558	   577	   653,62	   7527,14	   843,07	   7392,53	   232,41	   189,46	   134,61	   35,07	   199,89	  
848	   642	   679	   490,15	   7580,96	   867,36	   7377,12	   428,76	   377,20	   203,84	   37,02	   148,57	  
861	   594	   626	   880,35	   7393,15	   507,86	   7594,80	   423,57	   372,49	   201,65	   32,41	   282,24	  
914	   673	   758	   489,71	   7581,08	   867,54	   7377,01	   429,41	   377,83	   204,07	   84,92	   1275,07	  
951	   718	   769	   881,15	   7392,32	   513,78	   7593,02	   418,62	   367,37	   200,69	   52,26	   9,33	  
977	   720	   771	   880,54	   7392,67	   510,11	   7597,52	   423,30	   370,43	   204,85	   51,69	   6,14	  
1041	   772	   798	   493,82	   7583,39	   828,49	   7405,33	   379,09	   334,67	   178,06	   29,42	   391,51	  
1055	   766	   794	   878,59	   7390,87	   544,32	   7580,06	   384,10	   334,27	   189,19	   31,27	   321,72	  
1064	   774	   845	   492,45	   7583,73	   867,05	   7377,32	   427,70	   374,59	   206,41	   71,22	   484,27	  
1095	   858	   887	   881,30	   7389,31	   530,92	   7591,47	   404,52	   350,39	   202,16	   30,75	   340,59	  
1171	   850	   885	   481,99	   7583,04	   872,26	   7377,56	   441,06	   390,27	   205,48	   34,04	   230,04	  
1181	   873	   965	   493,34	   7583,51	   874,44	   7376,18	   433,85	   381,10	   207,34	   90,97	   1744,10	  
1183	   864	   899	   877,04	   7391,80	   502,93	   7599,68	   427,98	   374,10	   207,88	   35,08	   199,56	  
1302	   944	   982	   493,28	   7583,53	   866,01	   7381,53	   423,95	   372,73	   202,00	   38,45	   115,72	  
1320	   890	   978	   504,41	   7577,36	   869,29	   7379,45	   415,10	   364,88	   197,91	   90,95	   1742,04	  
1325	   887	   932	   875,29	   7392,78	   503,73	   7598,57	   424,74	   371,56	   205,79	   45,45	   14,13	  
1328	   887	   934	   878,44	   7394,34	   504,97	   7599,07	   425,90	   373,47	   204,72	   47,34	   3,49	  
1338	   959	   992	   875,83	   7392,53	   505,14	   7595,62	   422,68	   370,69	   203,09	   33,49	   247,00	  
1437	   1038	   1081	   484,45	   7585,77	   872,40	   7377,47	   440,33	   387,95	   208,29	   41,89	   53,53	  
1441	   1040	   1082	   493,54	   7583,46	   870,31	   7378,80	   428,77	   376,77	   204,66	   42,02	   51,65	  
1457	   1042	   1087	   486,44	   7581,91	   872,77	   7373,69	   438,87	   386,33	   208,22	   43,99	   27,27	  
1512	   1049	   1088	   481,93	   7583,06	   833,90	   7398,35	   397,50	   351,98	   184,71	   42,09	   50,68	  
1656	   1152	   1190	   880,97	   7389,45	   503,45	   7592,74	   428,77	   377,52	   203,29	   38,02	   125,21	  
1707	   1153	   1188	   484,69	   7585,72	   864,83	   7382,28	   431,15	   380,14	   203,44	   34,83	   206,91	  
1724	   1176	   1210	   880,08	   7393,32	   505,76	   7598,83	   427,02	   374,32	   205,51	   34,16	   226,57	  
1790	   1188	   1224	   875,28	   7396,32	   507,45	   7598,32	   419,65	   367,83	   202,00	   36,80	   153,95	  
1816	   1270	   1292	   481,68	   7583,14	   765,14	   7444,91	   315,37	   283,46	   138,23	   29,93	   371,83	  
1886	   1274	   1362	   484,11	   7582,50	   867,59	   7376,98	   435,08	   383,48	   205,52	   86,77	   1410,79	  
1889	   1280	   1324	   880,43	   7393,11	   504,10	   7595,94	   427,50	   376,33	   202,83	   44,15	   25,56	  
1983	   1355	   1388	   881,61	   7389,10	   508,57	   7597,99	   427,54	   373,04	   208,89	   33,11	   259,12	  
2060	   1360	   1392	   878,37	   7391,00	   507,46	   7594,92	   423,27	   370,91	   203,92	   32,43	   281,45	  
2141	   1470	   1501	   487,14	   7581,73	   872,56	   7373,82	   437,92	   385,42	   207,91	   30,37	   355,00	  
2183	   1417	   1471	   884,88	   7389,65	   507,06	   7598,45	   431,68	   377,82	   208,80	   53,67	   19,85	  
2198	   1478	   1498	   879,96	   7389,86	   657,80	   7536,90	   266,41	   222,16	   147,04	   32,21	   289,15	  
2236	   1485	   1570	   491,13	   7580,72	   872,11	   7377,66	   431,71	   380,97	   203,05	   84,47	   1243,04	  
2255	   1550	   1584	   507,99	   7579,80	   831,58	   7403,37	   368,56	   323,59	   176,43	   39,58	   92,82	  
2288	   1575	   1662	   557,86	   7562,90	   857,56	   7386,89	   347,55	   299,70	   176,00	   107,39	   3384,64	  
2417	   1649	   1690	   884,28	   7387,54	   501,73	   7596,65	   435,97	   382,55	   209,11	   40,34	   78,60	  
2429	   1643	   1695	   483,22	   7586,08	   861,44	   7384,43	   428,62	   378,22	   201,65	   52,05	   8,04	  
2525	   1678	   1711	   883,86	   7390,96	   522,01	   7593,95	   414,89	   361,84	   202,99	   34,12	   227,64	  
2548	   1653	   1700	   488,91	   7584,64	   835,88	   7397,10	   394,41	   346,97	   187,54	   51,12	   3,66	  
2586	   1749	   1778	   883,89	   7387,78	   506,02	   7588,56	   427,90	   377,87	   200,78	   29,07	   405,44	  
2597	   1744	   1785	   490,24	   7580,94	   832,02	   7399,54	   386,93	   341,78	   181,40	   45,46	   14,08	  
2620	   1705	   1766	   865,88	   7398,66	   528,80	   7581,53	   383,49	   337,07	   182,87	   68,24	   362,14	  
2639	   1745	   1782	   493,25	   7583,53	   869,77	   7379,15	   428,41	   376,51	   204,39	   37,05	   147,84	  
2679	   1779	   1804	   840,25	   7418,17	   525,98	   7592,84	   359,55	   314,27	   174,67	   29,83	   375,61	  
2722	   1765	   1792	   878,08	   7391,18	   546,95	   7582,32	   382,34	   331,13	   191,14	   30,30	   357,77	  
2764	   1869	   1898	   493,46	   7583,48	   828,97	   7405,02	   380,02	   335,51	   178,46	   32,74	   271,32	  
2837	   1880	   1946	   871,98	   7398,39	   506,28	   7598,67	   416,95	   365,69	   200,28	   67,91	   349,61	  
2855	   1876	   1968	   491,11	   7580,72	   869,77	   7375,59	   430,65	   378,66	   205,13	   91,65	   1800,94	  
2875	   1877	   1971	   485,36	   7585,53	   873,21	   7376,96	   440,37	   387,85	   208,57	   91,57	   1794,59	  
2896	   1883	   1975	   492,35	   7580,41	   862,44	   7380,24	   420,75	   370,09	   200,17	   93,80	   1988,58	  
2928	   1889	   1950	   882,75	   7388,11	   503,51	   7598,66	   433,77	   379,25	   210,55	   60,33	   123,64	  
3018	   1960	   1986	   485,12	   7582,25	   765,22	   7448,51	   310,39	   280,10	   133,74	   35,94	   176,21	  
3033	   2040	   2078	   516,83	   7574,11	   872,86	   7373,63	   408,59	   356,02	   200,48	   39,90	   86,70	  
3044	   1981	   2000	   860,00	   7402,32	   653,95	   7539,83	   247,72	   206,05	   137,50	   32,90	   265,87	  
3081	   1998	   2007	   860,44	   7402,05	   751,89	   7475,08	   130,84	   108,56	   73,03	   29,51	   388,09	  
3125	   2031	   2072	   875,05	   7396,35	   533,04	   7586,02	   391,08	   342,01	   189,66	   44,98	   17,93	  
3169	   2083	   2111	   850,71	   7411,65	   525,82	   7589,40	   370,34	   324,89	   177,75	   32,44	   281,38	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3380	   2202	   2233	   849,61	   7412,33	   502,17	   7599,91	   394,84	   347,44	   187,58	   33,68	   241,12	  
3432	   2284	   2308	   739,61	   7487,23	   510,76	   7597,32	   253,95	   228,85	   110,09	   40,54	   75,12	  
3551	   2436	   2475	   486,60	   7585,22	   862,74	   7383,61	   426,77	   376,14	   201,62	   39,20	   100,12	  
3555	   2375	   2460	   493,30	   7583,52	   862,95	   7383,47	   420,31	   369,65	   200,05	   86,76	   1409,87	  
3568	   2375	   2459	   487,51	   7581,64	   862,54	   7380,18	   425,72	   375,03	   201,46	   84,65	   1255,86	  
3620	   2381	   2471	   493,98	   7580,00	   867,11	   7377,28	   424,64	   373,12	   202,72	   90,92	   1740,15	  
3663	   2450	   2479	   873,42	   7394,03	   525,45	   7583,60	   396,26	   347,97	   189,57	   31,40	   317,33	  
3692	   2457	   2484	   505,91	   7576,98	   837,13	   7399,85	   375,61	   331,22	   177,12	   30,84	   337,52	  
3720	   2439	   2475	   868,55	   7400,50	   505,25	   7598,99	   413,99	   363,30	   198,49	   37,31	   141,71	  
3722	   2472	   2499	   489,67	   7581,08	   843,91	   7392,00	   401,55	   354,24	   189,09	   28,85	   414,70	  
3878	   2525	   2573	   542,98	   7564,32	   869,67	   7379,21	   375,50	   326,70	   185,11	   54,84	   31,69	  
3902	   2560	   2581	   871,91	   7394,94	   620,47	   7553,16	   297,08	   251,44	   158,22	   30,33	   356,63	  
3931	   2583	   2600	   866,08	   7402,07	   689,99	   7518,70	   211,21	   176,08	   116,63	   34,53	   215,49	  
3994	   2590	   2603	   874,76	   7393,06	   732,38	   7488,59	   171,46	   142,39	   95,53	   32,53	   278,36	  
4021	   2651	   2685	   882,05	   7388,85	   503,54	   7593,56	   430,32	   378,51	   204,72	   33,90	   234,52	  
4082	   2680	   2768	   493,16	   7580,21	   868,56	   7376,36	   427,18	   375,40	   203,85	   88,37	   1533,88	  
4276	   2794	   2849	   843,30	   7412,73	   504,55	   7599,20	   386,68	   338,75	   186,47	   61,02	   139,46	  
4383	   2875	   2963	   491,76	   7580,56	   867,52	   7377,02	   427,35	   375,76	   203,54	   88,34	   1531,21	  
4503	   2981	   3067	   549,15	   7565,55	   871,69	   7377,92	   373,14	   322,54	   187,63	   98,87	   2466,50	  
4508	   2949	   2982	   509,36	   7579,45	   871,96	   7377,75	   414,92	   362,60	   201,70	   34,12	   227,72	  
4578	   3037	   3074	   494,01	   7583,35	   854,88	   7388,59	   410,07	   360,88	   194,75	   38,71	   110,30	  
4595	   2995	   3021	   754,13	   7473,53	   504,84	   7595,71	   277,62	   249,29	   122,19	   40,18	   81,59	  
4630	   3022	   3089	   879,53	   7393,37	   502,17	   7593,12	   426,97	   377,36	   199,75	   67,32	   327,93	  
4687	   3048	   3081	   488,68	   7584,69	   802,18	   7419,24	   354,48	   313,50	   165,46	   39,94	   85,98	  
4724	   3081	   3173	   485,28	   7585,55	   862,60	   7380,14	   429,61	   377,32	   205,41	   91,87	   1819,86	  
4820	   3177	   3198	   873,39	   7397,51	   600,01	   7564,01	   320,10	   273,38	   166,51	   28,14	   443,75	  
	   	  
	  
	   	   	   	   	   	   	   	   	  
	   	  
	  
	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	   Σ((tt	  -­‐	  x)2)	   42060,60	   	   	  
	   	   	   	   	   	   𝑥	   49,21	   	   	  
	   	   Street	  longitude	  (m)	   429	   	   	   N	   114	   	   	  
	   	   t	   1,96	   	   	   σ	   22,24	   	   	  
	   	   error	   0,05	   	   	   ν	   0,45	   	   	  
	   	  
	  
	   	   	   	   n	   83,83	   	   	  
	  
Table	  A.7:	  Statistical	  analysis	  -­‐	  Penetration	  rate	  40%	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Penetration	  rate	  60%:	  
	  
Vehicle	  
ID	  
Simulation	  
time	  1	  (s)	  
Simulation	  
time	  2	  (s)	   x1	  (m)	   y1	  (m)	   x2	  (m)	   y2	  (m)	  
Travelled	  
distance	  
(m)	  
dx	  (m)	   dy	  (m)	   Travel	  time	  tt	  (s)	  
(tt-­‐𝒙)2	  
668	   552	   591	   495,21	   7583,04	   864,45	   7382,52	   420,17	   369,23	   200,52	   39,82	   19,34	  
718	   559	   599	   488,69	   7581,34	   866,38	   7377,74	   429,07	   377,69	   203,60	   39,99	   17,84	  
757	   587	   618	   488,18	   7584,82	   864,38	   7382,57	   427,12	   376,20	   202,25	   31,14	   171,12	  
780	   591	   680	   492,46	   7580,38	   873,08	   7373,49	   433,21	   380,61	   206,89	   88,14	   1928,79	  
812	   593	   633	   883,35	   7391,27	   502,98	   7599,67	   433,72	   380,37	   208,39	   39,57	   21,64	  
818	   570	   610	   505,94	   7576,97	   864,55	   7382,46	   407,97	   358,61	   194,51	   42,06	   4,65	  
843	   597	   631	   851,88	   7407,38	   503,22	   7599,60	   398,14	   348,67	   192,22	   36,64	   57,49	  
928	   690	   779	   490,37	   7584,26	   870,28	   7378,82	   431,90	   379,91	   205,44	   88,40	   1952,28	  
931	   668	   699	   877,95	   7391,26	   507,37	   7594,95	   422,87	   370,58	   203,69	   31,45	   163,03	  
977	   733	   784	   878,67	   7393,94	   507,62	   7594,88	   421,96	   371,05	   200,93	   51,85	   58,26	  
1012	   771	   793	   653,23	   7527,36	   864,30	   7382,62	   255,93	   211,07	   144,75	   36,88	   53,89	  
1065	   787	   816	   876,83	   7395,35	   530,22	   7591,66	   398,34	   346,61	   196,31	   31,23	   168,63	  
1100	   764	   797	   521,21	   7575,55	   846,16	   7390,57	   373,91	   324,95	   184,98	   37,86	   40,39	  
1117	   793	   830	   856,45	   7408,07	   503,67	   7599,46	   401,36	   352,78	   191,39	   39,55	   21,80	  
1150	   851	   890	   483,67	   7585,97	   867,19	   7377,23	   436,64	   383,52	   208,74	   38,32	   34,81	  
1157	   853	   887	   482,19	   7586,42	   871,72	   7374,35	   443,51	   389,53	   212,07	   32,89	   128,37	  
1248	   862	   897	   486,27	   7585,30	   868,78	   7379,77	   434,23	   382,51	   205,53	   34,58	   92,91	  
1250	   893	   983	   487,01	   7585,11	   870,85	   7378,46	   435,93	   383,84	   206,65	   88,57	   1967,03	  
1308	   894	   937	   881,24	   7389,06	   503,08	   7598,88	   432,47	   378,16	   209,83	   42,66	   2,44	  
1312	   900	   989	   490,10	   7584,33	   860,80	   7384,84	   420,97	   370,70	   199,49	   90,70	   2160,39	  
1370	   933	   986	   879,12	   7393,71	   512,56	   7596,78	   419,06	   366,56	   203,07	   54,26	   100,80	  
1394	   916	   948	   874,61	   7396,74	   500,87	   7593,52	   422,37	   373,74	   196,77	   32,50	   137,25	  
1410	   989	   1018	   495,44	   7582,98	   863,59	   7383,07	   418,92	   368,15	   199,91	   29,70	   210,83	  
1446	   992	   1025	   880,37	   7389,60	   508,42	   7593,40	   424,13	   371,95	   203,80	   33,38	   117,47	  
1472	   995	   1012	   862,80	   7400,58	   667,15	   7530,67	   234,95	   195,65	   130,09	   31,04	   173,63	  
1479	   1053	   1137	   488,58	   7581,36	   870,78	   7382,06	   431,05	   382,20	   199,31	   83,60	   1551,04	  
1539	   1057	   1097	   483,20	   7586,09	   874,32	   7376,25	   443,85	   391,12	   209,83	   38,66	   30,87	  
1619	   1097	   1193	   485,43	   7582,16	   851,46	   7387,21	   414,71	   366,03	   194,95	   99,31	   3034,94	  
1667	   1166	   1207	   883,79	   7387,84	   503,81	   7596,02	   433,28	   379,98	   208,19	   40,60	   13,12	  
1695	   1135	   1184	   883,12	   7390,90	   502,88	   7592,91	   430,57	   380,24	   202,01	   48,82	   21,20	  
1704	   1187	   1215	   490,13	   7584,32	   851,10	   7390,99	   409,48	   360,97	   193,33	   29,33	   221,49	  
1754	   1192	   1226	   880,10	   7389,77	   505,64	   7592,08	   425,62	   374,46	   202,31	   34,27	   98,95	  
1786	   1198	   1233	   875,92	   7392,39	   508,60	   7597,97	   420,94	   367,32	   205,59	   35,67	   73,06	  
1840	   1255	   1291	   494,37	   7579,90	   863,87	   7379,33	   420,43	   369,50	   200,57	   36,73	   56,01	  
1889	   1293	   1330	   882,68	   7388,16	   505,25	   7596,86	   431,28	   377,42	   208,70	   36,80	   54,95	  
1906	   1291	   1325	   880,39	   7393,12	   506,47	   7594,36	   424,63	   373,92	   201,23	   34,35	   97,37	  
1977	   1300	   1342	   879,26	   7393,83	   522,03	   7583,65	   404,53	   357,23	   189,82	   44,54	   0,10	  
2025	   1378	   1408	   488,93	   7581,28	   837,42	   7396,12	   394,63	   348,49	   185,16	   32,61	   134,67	  
2096	   1399	   1435	   826,94	   7426,72	   501,20	   7593,39	   365,90	   325,74	   166,67	   42,21	   4,04	  
2152	   1483	   1515	   487,49	   7584,99	   868,61	   7379,88	   432,81	   381,12	   205,11	   31,72	   156,23	  
2180	   1414	   1445	   865,98	   7398,60	   504,12	   7599,33	   413,80	   361,85	   200,73	   32,14	   145,90	  
2198	   1487	   1514	   876,41	   7395,62	   531,49	   7587,70	   394,80	   344,92	   192,08	   29,34	   221,36	  
2248	   1553	   1594	   492,45	   7580,39	   866,43	   7377,71	   425,37	   373,98	   202,67	   41,35	   8,22	  
2297	   1567	   1612	   487,93	   7581,53	   866,40	   7377,73	   429,86	   378,47	   203,80	   44,91	   0,48	  
2333	   1585	   1677	   482,33	   7582,95	   867,44	   7377,07	   436,69	   385,11	   205,88	   90,38	   2130,95	  
2408	   1655	   1698	   488,97	   7584,62	   866,45	   7377,70	   430,47	   377,48	   206,92	   42,85	   1,86	  
2437	   1596	   1693	   486,49	   7581,89	   871,34	   7378,15	   435,45	   384,84	   203,74	   95,56	   2636,40	  
2542	   1692	   1723	   884,48	   7390,57	   531,64	   7591,14	   405,87	   352,84	   200,58	   32,77	   131,12	  
2596	   1697	   1726	   883,64	   7387,56	   543,80	   7580,24	   390,66	   339,83	   192,68	   31,85	   153,04	  
2600	   1763	   1801	   484,62	   7582,36	   867,16	   7377,25	   434,06	   382,54	   205,11	   37,56	   44,36	  
2606	   1704	   1738	   852,90	   7406,75	   502,20	   7594,41	   397,75	   350,70	   187,66	   36,67	   56,95	  
2689	   1779	   1806	   882,00	   7388,86	   543,16	   7583,63	   390,83	   338,84	   194,77	   29,64	   212,59	  
2691	   1776	   1807	   879,13	   7390,57	   509,45	   7597,72	   423,76	   369,68	   207,16	   31,38	   164,72	  
2751	   1777	   1814	   494,32	   7583,27	   869,85	   7379,09	   427,45	   375,53	   204,18	   37,13	   50,17	  
2766	   1803	   1894	   488,17	   7584,82	   869,82	   7379,11	   433,56	   381,65	   205,71	   90,04	   2100,00	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2864	   1873	   1900	   877,10	   7391,78	   553,37	   7580,11	   374,52	   323,73	   188,32	   30,93	   176,62	  
2891	   1895	   1929	   882,43	   7388,32	   502,70	   7597,63	   433,59	   379,73	   209,31	   33,64	   111,89	  
2989	   1950	   1987	   871,08	   7398,92	   503,06	   7592,86	   416,00	   368,02	   193,94	   38,16	   36,73	  
3007	   1991	   2020	   880,18	   7389,72	   529,10	   7588,57	   403,48	   351,08	   198,84	   30,83	   179,11	  
3027	   1966	   2003	   483,05	   7586,13	   863,36	   7383,21	   431,05	   380,31	   202,91	   36,82	   54,67	  
3051	   1994	   2086	   490,32	   7584,27	   872,69	   7377,29	   434,79	   382,36	   206,98	   90,77	   2167,57	  
3074	   2069	   2090	   668,66	   7514,77	   865,59	   7378,24	   239,63	   196,93	   136,53	   37,60	   43,85	  
3103	   2084	   2111	   500,81	   7581,62	   830,79	   7403,87	   374,81	   329,98	   177,75	   30,90	   177,26	  
3187	   2093	   2183	   490,14	   7580,97	   867,11	   7377,28	   428,48	   376,97	   203,69	   90,11	   2106,04	  
3239	   2109	   2139	   824,92	   7428,12	   528,55	   7585,17	   335,41	   296,37	   157,05	   38,37	   34,19	  
3255	   2117	   2182	   863,20	   7403,86	   524,43	   7593,27	   388,13	   338,77	   189,41	   71,85	   763,28	  
3291	   2170	   2189	   653,83	   7527,04	   867,49	   7380,59	   259,04	   213,67	   146,46	   31,47	   162,60	  
3318	   2191	   2226	   878,14	   7391,00	   506,68	   7598,55	   425,51	   371,46	   207,56	   35,29	   79,76	  
3369	   2207	   2236	   813,05	   7432,72	   501,22	   7593,41	   350,79	   311,82	   160,69	   35,47	   76,60	  
3391	   2283	   2311	   494,79	   7583,15	   868,35	   7380,04	   425,21	   373,57	   203,11	   28,25	   254,98	  
3480	   2299	   2333	   884,25	   7390,72	   549,26	   7581,52	   385,51	   334,98	   190,81	   37,84	   40,73	  
3616	   2392	   2425	   875,75	   7392,49	   526,01	   7592,77	   403,02	   349,74	   200,27	   35,13	   82,63	  
3636	   2393	   2424	   865,13	   7402,66	   542,83	   7583,75	   369,69	   322,30	   181,09	   35,97	   67,97	  
3678	   2462	   2498	   482,21	   7586,42	   860,59	   7384,97	   428,67	   378,38	   201,45	   36,03	   67,07	  
3943	   2596	   2629	   877,96	   7391,11	   503,56	   7599,50	   428,49	   374,40	   208,39	   33,04	   124,94	  
3956	   2578	   2602	   582,73	   7552,06	   865,61	   7381,78	   330,18	   282,88	   170,28	   31,18	   169,89	  
3987	   2584	   2653	   481,86	   7580,06	   867,34	   7377,13	   435,63	   385,48	   202,93	   67,95	   563,24	  
4053	   2687	   2718	   494,84	   7583,14	   873,19	   7376,97	   430,88	   378,35	   206,16	   30,86	   178,29	  
4079	   2693	   2782	   494,77	   7579,80	   872,80	   7373,67	   430,58	   378,03	   206,14	   88,67	   1976,37	  
4102	   2691	   2721	   878,21	   7390,95	   544,19	   7583,28	   385,44	   334,03	   192,33	   33,39	   117,22	  
4150	   2705	   2739	   864,14	   7399,74	   502,16	   7593,13	   410,40	   361,98	   193,39	   35,54	   75,29	  
4152	   2755	   2788	   488,99	   7584,62	   869,30	   7379,45	   432,12	   380,30	   205,17	   32,76	   131,23	  
4258	   2772	   2806	   488,66	   7581,35	   870,44	   7375,17	   433,90	   381,78	   206,18	   33,62	   112,39	  
4296	   2800	   2884	   482,24	   7585,32	   840,85	   7393,94	   406,48	   358,61	   191,38	   88,65	   1974,55	  
4338	   2860	   2899	   488,89	   7584,64	   851,80	   7390,55	   411,55	   362,91	   194,09	   40,65	   12,70	  
4341	   2859	   2896	   483,62	   7582,63	   867,42	   7377,08	   435,37	   383,80	   205,54	   36,46	   60,20	  
4358	   2887	   2918	   877,91	   7394,68	   527,14	   7582,04	   397,67	   350,77	   187,35	   33,44	   116,10	  
4474	   2902	   2941	   872,53	   7394,51	   507,43	   7595,00	   416,53	   365,10	   200,49	   40,17	   16,40	  
4535	   2987	   3017	   878,93	   7390,50	   525,95	   7592,79	   406,84	   352,98	   202,29	   31,63	   158,34	  
4597	   2982	   3005	   480,21	   7580,36	   749,76	   7458,13	   295,96	   269,54	   122,23	   33,34	   118,35	  
4639	   3008	   3039	   842,15	   7416,99	   528,07	   7585,32	   356,34	   314,07	   168,33	   37,32	   47,56	  
4809	   3166	   3199	   884,38	   7387,43	   527,72	   7585,41	   407,92	   356,65	   197,98	   34,71	   90,48	  
4847	   3188	   3196	   883,54	   7387,62	   779,11	   7456,23	   124,95	   104,43	   68,61	   27,47	   280,56	  
	   	   	   	   	   	   	   	   	   	   	   	  
	   	  
	   	   	   	   	   	   	   	   	   	  
	   	  
	   	   	   	   Σ((tt	  -­‐	  x)2)	   36418,93	   	   	  
	   	  
	   	   	   	   𝑥	   44,22	   	   	  
	   	  
Street	  longitude	  (m)	   429	   	   	   N	   126,00	   	   	  
	   	  
t	   1,96	   	   	   σ	   19,79	   	   	  
	   	  
error	   0,05	   	   	   ν	   0,45	   	   	  
	   	  
	   	   	   	   	   n	   89,61	   	   	  
	  
Table	  A.8:	  Statistical	  analysis	  -­‐	  Penetration	  rate	  60%	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Penetration	  rate	  of	  80%:	  
	  
Vehicle	  
ID	  
Simulation	  
time	  1	  (s)	  
Simulation	  
time	  2	  (s)	   x1	  (m)	   y1	  (m)	   x2	  (m)	   y2	  (m)	  
Travelled	  
distance	  
(m)	  
dx	  (m)	   dy	  (m)	   Travel	  time	  tt	  (s)	  
(tt-­‐𝒙)2	  
612	   527	   545	   687,03	   7520,55	   501,87	   7596,61	   200,17	   185,16	   76,06	   38,58	   179,08	  
732	   533	   566	   493,73	   7580,06	   824,16	   7404,52	   374,16	   330,42	   175,54	   37,84	   199,42	  
738	   550	   570	   877,76	   7391,23	   611,93	   7556,81	   313,18	   265,83	   165,57	   27,40	   603,29	  
764	   554	   585	   883,73	   7387,50	   510,25	   7590,68	   425,17	   373,48	   203,18	   31,28	   427,63	  
768	   521	   554	   884,64	   7389,81	   505,45	   7588,73	   428,20	   379,19	   198,93	   33,06	   357,10	  
845	   580	   645	   884,22	   7387,20	   511,32	   7597,16	   427,94	   372,90	   209,96	   65,16	   174,29	  
894	   653	   741	   489,01	   7584,61	   870,66	   7378,58	   433,72	   381,66	   206,03	   87,04	   1230,89	  
933	   726	   757	   881,97	   7388,94	   505,70	   7598,86	   430,86	   376,27	   209,91	   30,87	   444,90	  
958	   665	   681	   878,39	   7390,84	   689,85	   7515,25	   225,89	   188,54	   124,41	   30,39	   465,36	  
1001	   687	   743	   871,42	   7395,20	   522,95	   7586,86	   397,70	   348,47	   191,66	   60,41	   71,38	  
1028	   710	   755	   882,77	   7391,06	   503,50	   7593,70	   430,01	   379,27	   202,64	   44,89	   49,90	  
1069	   833	   868	   883,62	   7387,93	   508,07	   7591,34	   427,10	   375,56	   203,41	   35,16	   282,35	  
1093	   836	   869	   884,13	   7387,64	   510,57	   7592,95	   426,26	   373,56	   205,31	   33,21	   351,43	  
1166	   918	   961	   486,15	   7585,34	   865,74	   7381,70	   430,76	   379,58	   203,64	   42,82	   83,43	  
1191	   860	   890	   849,15	   7412,62	   544,31	   7583,24	   349,34	   304,84	   170,62	   36,84	   228,55	  
1225	   917	   962	   487,56	   7581,62	   866,49	   7377,67	   430,33	   378,93	   203,95	   44,86	   50,37	  
1244	   864	   929	   881,87	   7392,20	   506,30	   7598,67	   428,58	   375,57	   206,46	   65,06	   171,76	  
1312	   945	   975	   487,20	   7585,06	   826,63	   7402,95	   385,20	   339,43	   182,11	   33,41	   344,01	  
1358	   949	   972	   879,54	   7390,12	   594,94	   7565,80	   334,46	   284,60	   175,69	   29,50	   504,32	  
1397	   955	   1046	   487,28	   7581,69	   872,30	   7373,98	   437,47	   385,02	   207,71	   89,24	   1389,75	  
1399	   954	   1043	   495,81	   7582,89	   869,69	   7379,19	   425,77	   373,88	   203,70	   89,68	   1422,54	  
1464	   972	   984	   868,63	   7396,94	   730,21	   7490,08	   166,84	   138,42	   93,14	   30,86	   445,31	  
1478	   981	   1043	   879,09	   7390,40	   529,82	   7584,79	   399,72	   349,27	   194,39	   66,54	   212,65	  
1481	   983	   1047	   881,49	   7388,90	   508,23	   7587,89	   422,99	   373,26	   198,99	   64,91	   167,74	  
1599	   1062	   1154	   489,78	   7581,05	   858,78	   7386,12	   417,32	   368,99	   194,93	   94,57	   1816,16	  
1772	   1197	   1270	   883,16	   7390,87	   502,40	   7593,05	   431,11	   380,76	   202,18	   72,64	   427,84	  
1774	   1217	   1253	   483,19	   7586,09	   871,21	   7378,23	   440,19	   388,02	   207,86	   35,09	   284,71	  
1777	   1171	   1204	   875,17	   7392,86	   502,70	   7592,96	   422,82	   372,47	   200,11	   33,48	   341,36	  
1826	   1219	   1256	   482,05	   7583,03	   867,55	   7377,00	   437,10	   385,50	   206,03	   36,31	   244,75	  
1839	   1220	   1257	   482,56	   7582,90	   866,89	   7377,42	   435,82	   384,34	   205,48	   36,42	   241,40	  
1940	   1349	   1382	   488,56	   7584,72	   868,29	   7376,53	   433,06	   379,73	   208,19	   32,69	   371,25	  
2038	   1360	   1450	   490,78	   7580,81	   872,93	   7373,59	   434,72	   382,15	   207,22	   88,82	   1358,49	  
2055	   1415	   1453	   486,05	   7585,36	   866,21	   7381,40	   431,41	   380,16	   203,95	   37,79	   200,81	  
2065	   1357	   1376	   884,57	   7387,00	   678,22	   7522,51	   246,87	   206,35	   135,51	   33,02	   358,77	  
2090	   1427	   1461	   491,43	   7580,64	   869,19	   7375,96	   429,64	   377,75	   204,68	   33,95	   324,33	  
2151	   1449	   1482	   879,65	   7390,05	   503,18	   7592,82	   427,60	   376,47	   202,76	   33,11	   355,34	  
2188	   1517	   1581	   493,72	   7583,42	   868,35	   7380,12	   426,23	   374,63	   203,30	   64,42	   155,17	  
2359	   1559	   1661	   491,45	   7583,98	   867,66	   7380,48	   427,72	   376,21	   203,50	   102,31	   2534,77	  
2361	   1539	   1575	   483,15	   7583,95	   864,72	   7378,80	   433,22	   381,57	   205,15	   35,65	   266,00	  
2606	   1751	   1781	   876,13	   7392,26	   506,62	   7591,78	   419,94	   369,51	   199,52	   30,65	   454,16	  
2624	   1748	   1842	   491,73	   7580,57	   872,30	   7373,98	   433,03	   380,57	   206,59	   93,13	   1694,71	  
2642	   1722	   1775	   487,33	   7581,68	   862,48	   7380,21	   425,83	   375,15	   201,47	   53,39	   2,06	  
2709	   1764	   1802	   877,89	   7394,69	   505,25	   7595,59	   423,35	   372,64	   200,90	   38,51	   180,93	  
2749	   1849	   1880	   493,04	   7580,23	   872,13	   7374,10	   431,51	   379,08	   206,14	   30,82	   446,84	  
2756	   1775	   1868	   861,75	   7404,76	   505,92	   7595,39	   403,68	   355,84	   190,62	   98,83	   2197,23	  
2789	   1853	   1888	   876,59	   7391,96	   506,17	   7595,31	   422,57	   370,43	   203,35	   35,53	   269,82	  
2842	   1860	   1945	   491,14	   7580,71	   866,73	   7377,52	   427,03	   375,59	   203,19	   85,39	   1117,84	  
2904	   1916	   1958	   484,18	   7585,84	   871,82	   7377,84	   439,91	   387,64	   207,99	   40,96	   121,01	  
2907	   1950	   2035	   490,49	   7580,88	   867,22	   7377,21	   428,26	   376,73	   203,67	   85,15	   1101,44	  
2956	   1953	   2045	   492,81	   7580,30	   867,47	   7377,05	   426,24	   374,66	   203,25	   92,60	   1651,38	  
2965	   1955	   2037	   488,10	   7581,48	   850,50	   7387,82	   410,90	   362,40	   193,66	   85,61	   1132,60	  
3102	   2035	   2068	   876,11	   7392,68	   503,77	   7592,64	   422,64	   372,34	   199,97	   33,50	   340,84	  
3131	   2055	   2103	   509,95	   7579,30	   870,70	   7382,11	   411,13	   360,75	   197,19	   50,09	   3,50	  
3137	   2053	   2142	   490,47	   7580,88	   874,61	   7376,07	   435,32	   384,14	   204,81	   87,71	   1277,98	  
3214	   2080	   2144	   882,56	   7391,77	   521,02	   7590,83	   412,72	   361,54	   199,06	   66,52	   212,15	  
3268	   2136	   2168	   482,76	   7586,22	   863,80	   7382,93	   431,89	   381,05	   203,29	   31,79	   406,92	  
3323	   2246	   2278	   492,95	   7583,61	   868,48	   7379,96	   427,20	   375,53	   203,65	   32,14	   392,97	  
3375	   2238	   2304	   490,02	   7584,35	   870,94	   7381,95	   431,36	   380,92	   202,40	   65,64	   187,17	  
3480	   2269	   2369	   881,85	   7388,68	   503,76	   7592,64	   429,59	   378,09	   203,96	   99,86	   2294,73	  
3486	   2272	   2305	   876,51	   7395,56	   509,42	   7597,73	   419,08	   367,09	   202,18	   33,78	   330,43	  
3568	   2359	   2448	   486,40	   7581,92	   864,91	   7378,67	   429,62	   378,51	   203,24	   88,87	   1362,50	  
3605	   2354	   2390	   876,16	   7395,78	   503,29	   7593,60	   422,09	   372,86	   197,83	   36,59	   236,22	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3638	   2514	   2548	   491,12	   7584,07	   873,99	   7376,46	   435,53	   382,87	   207,61	   33,49	   341,09	  
3676	   2384	   2446	   880,10	   7389,77	   504,81	   7592,33	   426,47	   375,29	   202,56	   62,37	   108,36	  
3713	   2415	   2451	   884,76	   7389,78	   510,26	   7597,48	   428,24	   374,50	   207,70	   36,06	   252,63	  
3718	   2521	   2551	   495,26	   7583,03	   866,36	   7381,31	   422,38	   371,10	   201,72	   30,47	   461,75	  
3778	   2545	   2571	   491,04	   7584,09	   850,33	   7391,48	   407,66	   359,29	   192,62	   27,36	   605,05	  
3785	   2528	   2563	   485,83	   7585,41	   871,01	   7378,36	   437,30	   385,17	   207,05	   34,34	   310,56	  
3833	   2550	   2573	   874,25	   7393,43	   595,78	   7562,30	   325,67	   278,47	   168,86	   30,30	   469,19	  
3868	   2511	   2549	   884,66	   7389,80	   503,39	   7599,55	   435,15	   381,27	   209,75	   37,46	   210,13	  
3960	   2649	   2679	   491,14	   7584,06	   867,45	   7380,61	   427,79	   376,32	   203,45	   30,08	   478,46	  
3992	   2630	   2664	   883,32	   7388,10	   504,10	   7596,04	   432,48	   379,21	   207,94	   33,73	   332,41	  
3995	   2587	   2647	   878,28	   7390,91	   508,43	   7598,03	   423,89	   369,84	   207,12	   60,72	   76,83	  
4075	   2726	   2759	   884,14	   7387,60	   503,51	   7592,72	   432,38	   380,63	   205,12	   32,74	   369,27	  
4174	   2756	   2846	   489,80	   7584,40	   872,97	   7377,11	   435,65	   383,17	   207,29	   88,63	   1344,49	  
4207	   2741	   2772	   879,15	   7390,53	   513,77	   7596,42	   419,39	   365,38	   205,88	   31,71	   409,99	  
4231	   2815	   2851	   491,77	   7580,55	   867,72	   7376,89	   427,57	   375,95	   203,66	   36,12	   250,85	  
4422	   2918	   3006	   482,48	   7586,32	   870,84	   7382,02	   438,82	   388,36	   204,30	   86,03	   1160,88	  
4425	   2929	   2961	   884,50	   7387,40	   511,74	   7597,03	   427,66	   372,76	   209,63	   32,10	   394,34	  
4523	   2959	   3049	   493,49	   7580,15	   871,11	   7374,74	   429,88	   377,63	   205,41	   89,82	   1433,23	  
4545	   2957	   3047	   493,79	   7583,40	   873,62	   7376,70	   432,43	   379,83	   206,70	   89,29	   1393,40	  
4556	   2961	   3002	   879,03	   7393,98	   506,40	   7591,85	   421,90	   372,62	   197,87	   41,69	   105,44	  
4562	   2961	   3050	   490,07	   7582,03	   865,87	   7378,06	   427,59	   375,80	   203,97	   89,29	   1393,92	  
4594	   3021	   3056	   493,49	   7583,47	   866,03	   7381,52	   423,76	   372,54	   201,96	   35,43	   273,10	  
4621	   3051	   3089	   873,85	   7397,22	   504,80	   7599,12	   420,67	   369,05	   201,90	   38,75	   174,40	  
4635	   3050	   3114	   486,34	   7581,93	   867,53	   7377,01	   432,78	   381,19	   204,92	   63,44	   131,84	  
4653	   3055	   3146	   491,18	   7584,06	   862,24	   7383,92	   421,60	   371,07	   200,13	   92,60	   1651,53	  
4728	   3071	   3098	   851,63	   7407,54	   541,23	   7584,30	   357,20	   310,40	   176,76	   32,43	   381,46	  
4821	   3144	   3173	   884,00	   7387,74	   549,42	   7578,30	   385,04	   334,58	   190,55	   32,31	   386,02	  
4835	   3162	   3179	   879,65	   7393,59	   684,45	   7522,16	   233,73	   195,19	   128,56	   31,20	   430,80	  
	   	   	   	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	   	   	   	   	   	   	  
	   	  
	   	  
	   	   	  
	   	   	  
	   	  
	   	  
	  
	   	   	  
Σ((tt	  -­‐	  x)2)	   51885,48	  
	   	  
	   	  
	  
	   	   	  
𝑥	   51,96	  
	   	  
	   	  
Street	  longitude	  (m)	   429	  
	   	  
N	   113,00	  
	   	  
	   	  
t	   1,96	  
	   	  
σ	   24,15	  
	   	  
	   	  
error	   0,05	  
	   	  
ν	   0,46	  
	   	  
	   	  
	   	  
	   	   	  
n	   84,48	  
	   	  	  
Table	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  Statistical	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  Penetration	  rate	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Analysing	  the	  oncoming	  traffic	  with	  Bluetooth	   88	  
Penetration	  rate	  of	  100%:	  
	  
Vehicle	  
ID	  
Simulation	  
time	  1	  (s)	  
Simulation	  
time	  2	  (s)	   x1	  (m)	   y1	  (m)	   x2	  (m)	   y2	  (m)	  
Travelled	  
distance	  
(m)	  
dx	  (m)	   dy	  (m)	   Travel	  time	  tt	  (s)	  
(tt-­‐𝒙)2	  
676	   528	   619	   486,32	   7581,94	   875,09	   7379,32	   438,40	   388,77	   202,62	   89,05	   1809,91	  
679	   530	   566	   504,61	   7580,66	   871,71	   7374,36	   421,09	   367,10	   206,30	   36,68	   96,63	  
688	   555	   581	   523,20	   7574,75	   863,10	   7383,37	   390,07	   339,90	   191,37	   28,59	   320,81	  
768	   524	   556	   882,49	   7391,36	   510,89	   7593,89	   423,21	   371,60	   202,53	   32,44	   197,91	  
801	   568	   656	   495,80	   7582,89	   869,38	   7379,39	   425,41	   373,58	   203,50	   88,74	   1783,87	  
807	   575	   608	   876,97	   7391,73	   504,59	   7595,89	   424,68	   372,39	   204,16	   33,34	   173,46	  
865	   629	   667	   482,18	   7586,44	   870,32	   7378,79	   440,20	   388,15	   207,65	   37,03	   89,73	  
872	   657	   687	   884,48	   7390,57	   528,17	   7592,21	   409,41	   356,31	   201,64	   31,44	   227,12	  
887	   659	   694	   882,03	   7388,57	   504,99	   7598,22	   431,41	   377,04	   209,65	   34,80	   136,92	  
950	   735	   769	   879,74	   7390,18	   502,12	   7593,14	   428,71	   377,62	   202,96	   34,02	   155,81	  
980	   736	   767	   881,15	   7389,36	   503,92	   7599,39	   431,75	   377,22	   210,02	   30,80	   246,59	  
1012	   744	   765	   621,95	   7537,64	   842,43	   7392,94	   263,72	   220,48	   144,70	   34,16	   152,40	  
1044	   836	   873	   880,72	   7389,61	   502,19	   7593,12	   429,77	   378,53	   203,51	   36,93	   91,63	  
1074	   760	   792	   884,49	   7387,05	   506,96	   7598,47	   432,70	   377,53	   211,42	   31,73	   218,43	  
1081	   841	   874	   883,22	   7388,20	   504,51	   7599,21	   433,53	   378,71	   211,01	   32,66	   191,84	  
1190	   860	   891	   880,20	   7389,71	   502,47	   7596,52	   430,64	   377,73	   206,81	   30,88	   244,11	  
1198	   838	   864	   665,18	   7516,81	   866,34	   7377,77	   244,54	   201,16	   139,05	   45,61	   0,80	  
1253	   868	   909	   872,95	   7394,24	   502,81	   7600,05	   423,51	   370,15	   205,80	   41,53	   24,75	  
1264	   868	   960	   492,75	   7583,66	   870,32	   7378,79	   429,57	   377,57	   204,87	   91,88	   2058,59	  
1411	   935	   979	   484,98	   7585,63	   870,55	   7375,10	   439,30	   385,56	   210,53	   42,97	   12,51	  
1424	   968	   1057	   492,69	   7580,32	   867,37	   7377,11	   426,24	   374,68	   203,21	   89,58	   1855,02	  
1446	   966	   999	   877,62	   7391,32	   503,29	   7592,78	   425,10	   374,33	   201,46	   33,30	   174,32	  
1481	   983	   1018	   880,16	   7393,27	   502,74	   7595,48	   428,18	   377,42	   202,22	   35,07	   130,85	  
1505	   1057	   1088	   494,47	   7583,23	   865,75	   7381,69	   422,46	   371,28	   201,54	   31,48	   225,77	  
1506	   1056	   1080	   491,34	   7580,66	   772,02	   7440,14	   313,89	   280,68	   140,52	   32,80	   187,83	  
1508	   1031	   1072	   484,25	   7582,46	   865,42	   7378,35	   432,38	   381,17	   204,11	   40,68	   33,94	  
1658	   1131	   1164	   488,61	   7584,71	   867,59	   7380,53	   430,48	   378,98	   204,18	   32,89	   185,49	  
1684	   1160	   1248	   489,21	   7584,56	   869,43	   7379,36	   432,05	   380,21	   205,19	   87,38	   1670,59	  
1710	   1138	   1170	   485,36	   7585,54	   871,86	   7377,82	   438,79	   386,50	   207,72	   31,29	   231,63	  
1793	   1184	   1217	   884,48	   7387,04	   507,66	   7598,29	   431,99	   376,82	   211,24	   32,77	   188,64	  
1826	   1228	   1317	   490,42	   7584,26	   875,85	   7378,84	   436,76	   385,43	   205,42	   87,42	   1673,90	  
1875	   1263	   1302	   884,21	   7387,21	   502,09	   7593,15	   434,08	   382,12	   205,94	   38,54	   63,40	  
1916	   1271	   1322	   882,79	   7388,09	   503,00	   7599,66	   434,75	   379,79	   211,58	   50,33	   14,59	  
1990	   1359	   1449	   491,75	   7583,91	   870,81	   7378,48	   431,15	   379,07	   205,43	   89,55	   1852,87	  
2092	   1435	   1470	   494,71	   7579,81	   871,69	   7374,37	   429,32	   376,98	   205,44	   34,97	   132,99	  
2125	   1439	   1480	   884,54	   7387,31	   507,99	   7591,36	   428,28	   376,55	   204,05	   41,07	   29,56	  
2126	   1441	   1474	   882,27	   7388,77	   502,19	   7599,91	   434,79	   380,08	   211,15	   32,56	   194,47	  
2174	   1532	   1569	   494,11	   7579,97	   864,25	   7379,09	   421,13	   370,14	   200,88	   37,69	   77,70	  
2272	   1479	   1554	   484,20	   7579,37	   863,45	   7379,49	   428,71	   379,26	   199,88	   75,05	   814,85	  
2284	   1538	   1581	   882,45	   7388,64	   504,33	   7592,47	   429,56	   378,12	   203,83	   42,94	   12,69	  
2470	   1661	   1756	   485,95	   7582,03	   870,72	   7378,54	   435,26	   384,77	   203,49	   93,63	   2221,02	  
2471	   1657	   1686	   880,09	   7389,78	   507,87	   7591,41	   423,33	   372,22	   201,63	   29,39	   293,00	  
2491	   1641	   1675	   883,21	   7388,23	   501,59	   7593,30	   433,23	   381,62	   205,06	   33,67	   164,80	  
2580	   1742	   1771	   879,38	   7390,39	   535,56	   7586,49	   395,81	   343,82	   196,10	   31,43	   227,23	  
2600	   1736	   1781	   488,70	   7581,33	   867,28	   7377,17	   430,13	   378,58	   204,16	   44,88	   2,64	  
2601	   1690	   1748	   883,10	   7387,90	   570,88	   7574,06	   363,51	   312,22	   186,16	   68,45	   481,53	  
2617	   1757	   1782	   877,37	   7395,02	   582,59	   7570,02	   342,80	   294,77	   174,99	   31,29	   231,64	  
2623	   1756	   1849	   493,34	   7583,51	   870,53	   7378,66	   429,22	   377,18	   204,85	   92,95	   2157,31	  
2634	   1825	   1860	   487,99	   7581,52	   865,89	   7378,05	   429,20	   377,91	   203,46	   34,98	   132,76	  
2690	   1744	   1785	   493,83	   7580,03	   863,07	   7383,40	   418,33	   369,24	   196,64	   42,05	   19,90	  
2757	   1853	   1882	   489,37	   7584,51	   863,46	   7379,60	   426,53	   374,09	   204,92	   29,17	   300,61	  
2758	   1779	   1856	   482,56	   7579,86	   869,44	   7379,36	   435,75	   386,87	   200,51	   75,81	   858,60	  
2871	   1902	   1956	   885,13	   7389,54	   510,31	   7594,06	   426,99	   374,82	   204,52	   54,25	   60,04	  
2903	   1941	   1975	   882,62	   7388,53	   502,65	   7596,37	   433,10	   379,97	   207,84	   33,68	   164,56	  
2958	   1937	   1982	   494,36	   7579,90	   867,52	   7377,02	   424,75	   373,16	   202,89	   45,45	   1,11	  
2980	   1945	   1975	   878,09	   7391,17	   509,08	   7597,83	   422,93	   369,00	   206,66	   30,43	   258,42	  
2995	   1960	   1997	   880,43	   7389,57	   503,63	   7599,47	   431,32	   376,80	   209,91	   36,80	   94,19	  
3046	   1974	   2057	   491,94	   7583,86	   869,20	   7375,95	   430,76	   377,26	   207,91	   82,66	   1307,21	  
3186	   2075	   2114	   881,37	   7388,97	   505,54	   7598,90	   430,49	   375,83	   209,92	   38,87	   58,38	  
3215	   2155	   2183	   489,95	   7581,02	   824,74	   7404,15	   378,64	   334,79	   176,87	   31,72	   218,50	  
3223	   2103	   2178	   882,18	   7391,54	   501,41	   7593,35	   430,95	   380,77	   201,82	   74,66	   792,72	  
3231	   2157	   2186	   493,55	   7583,46	   855,78	   7388,02	   411,59	   362,23	   195,44	   30,23	   265,02	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3253	   2159	   2190	   879,12	   7390,39	   504,50	   7592,42	   425,62	   374,61	   202,03	   31,25	   232,86	  
3403	   2260	   2353	   488,41	   7581,41	   868,90	   7376,14	   432,33	   380,50	   205,27	   92,28	   2095,54	  
3553	   2361	   2451	   493,14	   7580,21	   867,66	   7376,93	   426,13	   374,52	   203,28	   90,61	   1944,75	  
3582	   2346	   2374	   486,18	   7585,34	   873,63	   7376,70	   440,05	   387,45	   208,64	   27,30	   368,99	  
3655	   2531	   2566	   483,11	   7586,11	   867,47	   7380,60	   435,85	   384,36	   205,50	   34,45	   145,35	  
3711	   2527	   2564	   485,54	   7582,14	   865,03	   7382,16	   428,96	   379,49	   199,98	   37,00	   90,29	  
3830	   2503	   2558	   880,82	   7392,51	   503,65	   7599,47	   430,22	   377,17	   206,96	   54,84	   69,53	  
3925	   2634	   2665	   881,61	   7389,15	   508,28	   7594,68	   426,17	   373,34	   205,53	   31,21	   234,09	  
3977	   2653	   2681	   493,10	   7583,57	   858,38	   7386,37	   415,12	   365,29	   197,20	   28,94	   308,69	  
4019	   2659	   2691	   879,52	   7390,14	   506,07	   7591,95	   424,49	   373,45	   201,81	   32,34	   200,67	  
4050	   2638	   2713	   485,04	   7582,26	   870,54	   7382,21	   434,32	   385,50	   200,05	   74,08	   760,42	  
4055	   2638	   2667	   484,54	   7585,75	   836,58	   7396,60	   399,64	   352,04	   189,15	   31,13	   236,39	  
4100	   2721	   2760	   482,53	   7586,30	   872,53	   7377,39	   442,44	   390,01	   208,91	   37,82	   75,52	  
4161	   2705	   2758	   484,56	   7579,26	   872,67	   7373,75	   439,16	   388,11	   205,50	   51,77	   27,76	  
4259	   2783	   2835	   885,51	   7389,93	   508,08	   7598,13	   431,04	   377,42	   208,20	   51,75	   27,54	  
4276	   2782	   2817	   878,62	   7390,70	   504,96	   7592,28	   424,57	   373,66	   201,59	   35,37	   124,11	  
4313	   2858	   2890	   491,47	   7580,63	   867,63	   7376,95	   427,77	   376,17	   203,69	   32,09	   207,77	  
4316	   2858	   2886	   872,61	   7394,46	   504,40	   7592,45	   418,06	   368,20	   197,99	   28,73	   315,89	  
4321	   2859	   2948	   490,51	   7580,87	   867,60	   7376,97	   428,69	   377,09	   203,90	   89,06	   1811,27	  
4409	   2927	   2958	   491,54	   7583,96	   863,02	   7383,43	   422,14	   371,47	   200,53	   31,50	   225,07	  
4440	   2929	   2960	   490,46	   7584,24	   865,75	   7381,69	   426,46	   375,29	   202,55	   31,18	   234,75	  
4489	   2961	   2993	   878,45	   7390,80	   501,80	   7593,24	   427,61	   376,65	   202,43	   32,10	   207,41	  
4527	   2961	   3054	   485,68	   7582,10	   873,12	   7377,02	   438,37	   387,44	   205,08	   91,01	   1980,82	  
4577	   3053	   3086	   489,54	   7584,47	   863,15	   7379,79	   426,00	   373,61	   204,68	   33,23	   176,20	  
4605	   3039	   3079	   884,08	   7387,65	   505,45	   7595,53	   431,94	   378,63	   207,88	   39,73	   45,95	  
4647	   3014	   3057	   884,81	   7389,76	   510,60	   7597,38	   427,95	   374,21	   -­‐07,61	   43,11	   11,56	  
4676	   3069	   3120	   491,50	   7583,97	   871,72	   7381,46	   430,79	   380,22	   202,51	   50,79	   18,34	  
4868	   3172	   3186	   878,42	   7390,83	   721,08	   7495,75	   189,11	   157,34	   104,93	   31,76	   217,48	  
	   	   	   	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	   	   	   	   	   	   	  
	   	   	  
	  
	   	   Σ((tt	  -­‐	  x)2)	   40691,09	   	   	  
	   	   	  
	  
	   	   𝑥	   46,51	   	   	  
	   	   Street	  longitude	  (m)	   429	   	   	   N	   113,00	   	   	  
	   	   t	   1,96	   	   	   σ	   21,38	   	   	  
	   	   error	   0,05	   	   	   ν	   0,46	   	   	  
	   	   	   	   	   	   	   n	   84,03	   	   	  
	  
Table	  A.10:	  Statistical	  analysis	  -­‐	  Penetration	  rate	  100%	  
